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ABSTRACT

ABSTRACT
This thesis focused on the properties of shear thickening/stiffened materials and their
applications.

The fabrication of shear thickening fluid (STF) made from ethylene glycol and
fumed silica was studied and its properties were measured with a rheometer under
state steady and dynamic test conditions. The temperature effect on shear thickening
fluid was also investigated and a numerical function was proposed to express the
relationship between the temperature, viscosity, and concentration of fumed silica.

Adding fumed silica to a currently used commercial electrolyte resulted in a shear
thickening electrolyte with a higher ionic conductivity than the commercial
electrolyte. Furthermore, the batteries using this shear thickening electrolyte
provided extra mechanical protection than those batteries containing commercial
electrolyte.

The magnetorheological shear thickening fluids (MRSTFs) can be gained by
combining the magnetorheological fluid (MRF) and shear thickening fluid. This new
MRSTFs were tested and revealed both a magnetorheological effect and shear
thickening properties. Moreover, the damper filled with MRSTF had unique
properties coming from both magnetorheological fluid and shear thickening fluid.

Shear stiffened elastomers (SSEs) made of silicone rubber and silicone oil were
fabricated and observed by scanning electron microscope (SEM). A cluster structure
was observed and the sample with a higher concentration of silicone oil had longer
clusters of silicone rubber. The rheology of shear stiffened elastomers was measured
with a rheometer and it showed that the sample with a higher concentration of
silicone oil had a longer linear range and a lower shear modulus. During the dynamic
frequency sweep tests when the shear strain amplitude was above a critical value, the
shear stiffened elastomer sample was seen to change from solid to liquid and then
from liquid to solid, which was the onset of shear stiffened.
-i-
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CHAPTER 1
INTRODUCTION
This dissertation aims to study shear thickening/stiffened materials and their
applications. The background and motivation, the aims and objectives, and outline of
this thesis are presented in this chapter.

1.1

BACKGROUND AND MOTIVATION

Over the past two decades shear thickening fluids (STFs) have drawn a lot attention
because they experience a rapid increase in viscosity when an impact blow or strike
is suddenly applied to them. Indeed, they attain an almost solid like state soon after
the onset of shear thickening. Their unique properties make STFs ideal for energy
absorption applications because they behave in a liquid state under normal conditions,
which provides good mobility and flexibility, and then undergo a transition when the
applied shear rate is above a critical value so the energy of impact can be dissipated
and shunted. Moreover, the onset of shear thickening can be tuned for a specific
application by altering their ingredients, namely the carrier fluid, particles, and
concentrations. Many investigations of the components of STFs have already been
done, by selecting a wide range of carrier fluids and various particles. The
rheological properties of STFs have also been studied a lot. However, the effect of
the temperature on STFs has not received enough attention considering it also plays
an important role in its behaviour, for instance under different temperatures, STFs
experience different levels of viscosity which shifts the onset and performance of
shear thickening.

The unique properties of STFs make them ideal for combining with other materials
to form dual- or multi-functional smart materials. With the help of added fumed
silica particles, a multifunctional electrolyte was synthesised based on the
commercial electrolyte (EC/DMC with LiPF6). This multifunctional electrolyte
showed shear thickening that can provide extra mechanical protection to the batteries
regardless of the thickness of the battery shell. Moreover, fumed silica particles also
1

CHAPTER 1 INTRODUCTION

help to enhance the ionic conductivity of this new multifunctional electrolyte, which
also improves battery performance. This thesis also presents a combination of STF
and magnetorheological fluid (MRF), which generates magnetorheological shear
thickening fluids (MRSTFs). MRSTFs behave with a magnetorheological effect and
shear thickening properties. Their rheology was investigated under various test
conditions and a damper filled with MRSTFs was also tested.

STFs are types of shear thickening materials that also include shear thickening gels.
Gel state shear thickening materials are more stable and have higher mechanical
properties than STFs, but to achieve even better stability and higher mechanical
performance, solid state shear thickening materials are required. In this thesis, a shear
stiffened elastomer was fabricated which has shear stiffened behaviour as well as
having good stability and great mechanical properties.

1.2

AIMS AND OBJECTIVES

The overall aim of this thesis was to investigate the rheological properties of shear
thickening/stiffened materials and their applications.

1) To fabricate shear thickening fluids and investigate their rheological
properties
2) To study the effect of temperature on shear thickening fluids
3) To synthesis shear thickening electrolyte and investigate its electrochemical
and mechanical properties
4) To fabricate magnetorheological shear thickening fluids, study their
properties and then use them in a damper
5) To fabricate shear stiffened elastomer and study its mechanical behaviour

1.3

THESIS OUTLINE

This thesis begins with a literature review of shear thickening materials, the rheology
of STFs, the mechanism of STFs, and an application of STFs in Chapter 2 that gives
2
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a comprehensive overview of the achievements of previous research and the aim of
this project. Chapter 3 describes the materials and fabrication of shear thickening
fluid, and the effect of temperature on shear thickening fluid is presented and
analysed. Chapter 4 introduces the shear thickening property into a commercial
electrolyte, and then this new electrolyte was studied and measured. A crush
experiment was also conducted to show how the shear thickened electrolyte
improved the mechanical properties of battery cells. Chapter 5 introduces
magnetorheological shear thickening fluids (MRSTFs) by combining shear
thickening fluids and magnetorheological fluids. A damper with MRSTF was also
designed and measured. Chapter 6 proposes a novel shear stiffened elastomer (SSE)
fabricated from a mixture of silicone rubber and silicone oil. The microstructure and
rheological measurements of SSE is explained. Chapter 7 concludes with a review
and summary of the project and suggestions for further research work.

3
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CHAPTER 2
LITERATURE REVIEW
2.1

INTRODUCTION

In this chapter the shear thickening materials, including their rheology, mechanism,
and application of STFs will be expounded.

2.2

SHEAR THICKENING MATERIALS

The main content of this section includes the shear thickening fluid and other shear
thickening materials. The particles, carrier fluids, and factors that influence STFs
will be discussed in the sub-section on shear thickening fluid.

2.2.1

Shear Thickening Fluids

Newtonian fluids are fluids such as water or air, and when they are plotted on a graph
to show shear stress vs. shear rate, the result is a straight line with a constant slope.
However, some fluids act in a non-Newtonian way, and the study of non-Newtonian
fluids is known as the field of “rheology”. One type of fluid studied in rheology is
shear thickening fluids (STFs), which can be defined as fluids that, when the shear
rate is increased, the viscosity also increases (Barnes, 1989), but this increase in
viscosity makes raising the shear rate rather difficult. Shear thickening phenomena
have been recognised by the general public through popular videos showing people
running across what appears to be water in swimming pools filled with such fluids
(Wagner et al., 2009).

Shear thickening was first received attention because there was a problem in the
industrial processing of concentrated dispersions, so the focus was then extended to
the strong rheological effects of shear thickening dispersions, which showed the
potential of shear thickening fluid to work as the smart material (Barnes, 1989).
Figure 2.1 shows the behaviour of shear thickening fluid in a schematic form.
4
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Figure 2.1 Schematic representation of viscosity versus shear rate for shearthickening fluid

At a low shear rate, the viscosity begins to decrease and leads to a behavior that can
be expressed by a power-law type relationship between viscosity and the shear rate,
but then the viscosity will level off at much higher shear rate until it reaches a critical
value of shear rate ( c ), where the viscosity of the sample is the bottom value ηmin.
Above the critical shear rate, the viscosity begins to increase dramatically until it
reaches a peak viscosity value ηmax. After the shear thickening region, the viscosity
cannot become so great that the sample could fracture and neither can the viscosity
level out to a new plateau value (Gong et al., 2014). Shear thickening effect Est is
defined as the ratio of the peak viscosity value to the bottom value of viscosity Est =
ηmax / ηmin. Both shear thickening effect and critical shear rate are important when
characterising the shear thickening behaviour of an STF sample.

STFs are still drawing attention because their unique material properties make them
ideal for many applications (Beiersdorfer et al., 2011; Liu et at., 2010; Wagner et al.,
2009), such as liquid body armour (Li et al., 2008) and shock absorbers (Zhang et al.,
2008b).
5
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An STF consists of a carrier liquid and rigid, colloidal particles. The most commonly
used STF in research is colloidal silica particles suspended in a polyethylene glycol
solution. The actual nature of shear thickening depends on the physical parameters of
the suspended phase such as phase volume, particle size (distribution) and shape, as
well as those of the suspending phase, such as viscosity, and details of deformation
(including shear or extensional flow, steady or transient, time and rate of deformation)
(Barnes, 1989). Over the past two decades intensive research has focused on the
effects of the volume fraction of the particles in the suspension, and particle
dimension at the critical shear rate.

2.2.2

Carrier fluid and Particles

Many carrier fluids have been investigated, including water, ethylene glycol (EG)
and polyethylene glycol (PEG). EG or PEG are the most widely used due to their
stability at room temperature, and the anti-freezing properties. In fact a typical STF
consists of silica nanoparticles suspended in polyethylene glycol (Wagner and
Wetzel, 2004). Water is another commonly used medium because it is easy to obtain,
but its evaporation limits its use because the stability of water based shear thickening
fluids is sometimes a big issue.

The particles are generally selected from a number of groups that include fumed
silica, titanium oxide, calcium carbonate, cornstarch, polyvinyl alcohol-sodium
borate mixtures, aqueous solutions of polymethacrylates, poly(methyl methacrylate)
and poly(alkyl methacrylates), gum arabic and borate ions, guar gum and borate ions,
synthetically occurring minerals, naturally occurring minerals, polymers or a mixture
of these. The size of these particles is usually from several nanometers to tens of
micrometers.

Influence factors of STFs

Particle concentration, particle size, particle size distribution, particle shape, particleparticle interaction and medium viscosity all influence the onset of shear-thickening
(Boersma et al, 1995). Of these factors, particle concentration, particle size, and
6
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medium viscosity are relatively more important for the shear thickening phenomenon
(Jiang et al., 2010; Zhang et al., 2008a).

Particle concentration

Particle concentration, which can be expressed as the weight fraction or volume
fraction of the suspension, dominates the STFs’ rheological properties. Only those
suspensions where the concentration of particles is high enough to allow them to
‘feel each other’ can experience the shear thickening effect. These inter-particle
forces don’t only depend on the particles themselves, they also depend on the
polarity of the suspension, which means the critical shear rate of shear stress for the
onset of shear thickening varies with the different STFs. Most shear thickening fluids
generally have volume fractions over 40%, but too high a concentration can diminish
the shear thickening effect. Brown et al. (2010) found that increasing the packing
fraction of cornstarch in water would eliminate the onset of shear thickening.

Figure 2.2 is a schematic to show the rheology of shear thickening fluids with
various particle volume fractions. It reveals that an increase of overall viscosity
occurred as the volume fraction was increased, and with an increase in the volume
fraction ϕ, there was a decreasing shift for the critical shear stress or shear rate to the
onset of shear thickening. This means for a shear thickening fluid with a higher
concentration of particles, a lower shear stress or shear rate could trigger the onset of
shear thickening. Moreover, the shear thickening effect of STF with a higher volume
fraction had a higher value, which means that the concentration of particles also
contributes to the magnitude of the jump in viscosity of the STF.

7
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Figure 2.2 Schematic representative of viscosity versus shear rate for shearthickening system, with approximate phase volume as parameter. Also shown
are the loci of 𝜸̇ 𝒄 and 𝜸̇ 𝒎 , the shear rates at the beginning and the end of shear
thickening region (Barnes, 1989)

Particle size

The size of particles used in shear thickening fluids ranges from 0.01 to several
hundreds of micrometers. A general dependency on particle size is an inverse trend
which means that smaller particles require a higher critical shear rate to achieve the
onset of shear thickening. Figure 2.3 shows the statistics of the critical shear rate as a
function of particle size (Barnes, 1989).

8
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Figure 2.3 Critical shear rates as a function of particle size (Barnes, 1989)

This was proved by Zhang’s research (Zhang et al., 2008a). They used small fumed
silica (14 nm) and large silica particles (1 to 5 μm) to fabricate STFs with ethylene
glycol. It turned out that the suspension with 14 nm silica had a clear shear
thickening effect, but the large particles in the suspension did not show any notable
shear thickening effect.

Medium viscosity

The viscosity of formed shear thickening fluid is a direct function of medium
viscosity (Barnes, 1989). Sarvestani and Picu (2004) proposed a theoretical network
model to reproduce the significant features of the viscoelastic behaviour of
unentangled polymer melts reinforced with well dispersed non-agglomerated
nanoparticles. Their analysis provided the statistics for the network of chains
connecting fillers, of dangling strands having one end adsorbed onto fillers, and the
population of loops surrounding each nanoparticle. They proved that the network
kinetics depended on the attachment–detachment dynamics of grafted chains of
various types.
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The interaction between particles and dispersing medium is connected with the
molecular chain and functional groups of polymers, with which the performances of
dispersion subsequently change. Osman and Atallah (2006) studied the viscoelastic
properties of 30 vol. % composites of calcite, surface-treated with fatty acids of
different length chains, and polyethylene. They found that the alkyl chains decreased
the surface energy of the particles and the adhesion between the polymer and the
filler. The storage and loss moduli of polymer composites increased as the adhesion
forces between the polymer and the inclusions increased, as well as increasing the
agglomeration of the primary particles. When the shear forces applied overcome the
adhesion forces, interfacial slippage occurred, which led to lower moduli (Osman
and Atallah, 2006).

Particle shape

Particle shape is another factor that influences shear thickening. Spherical shaped
particles are mostly common used in STFs. Fumed silica particles, which are a kind
of spherical particle with a primary size from a few nanometers to tens of
micrometers, usually have a spherical shape because they are traditionally made by a
pearl mill or ball mill. Particles with other shapes, such as ununiformed shapes or
rods, can also be suspended with corresponding mediums to form shear thickening
fluids. In fact, compared to spherical particles suspensions, shear thickening fluids
with non-spherical particles usually have an even greater shear thickening effect.
Figure 2.4 shows the shapes of particles which were used in shear thickening fluids
(Brown et al., 2010).
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a

b

c

Figure 2.4 Particles dispersed in shear thickening fluids: (a) cornstarch particles;
(b) soda-lime glass spheres with hydrophobic silane coating; (c) rod shape
ferromagnetic particles (Brown et al., 2011)

Brown et al. (2010) applied cornstarch in water, soda-lime glass spheres with
hydrophobic silane coating (mean diameter 90 μm) in water, and ferromagnetic rods
in poly(ethylene glycol). Whatever shapes these particles were, all these suspensions
showed a shear thickening phenomenon. Wagner’s group (Egres and Wagner, 2005)
worked on acicular precipitated calcium carbonated and showed that the increase in
particles aspect ratio boosted the shear thickening effect, which was a lower value for
a suspension with spherical particles.

2.2.3

Fabrication of STFs

As mentioned above, STFs contain particles and a carrier fluid, and to fabricate them,
the carrier fluid was typically added to the powder, and a blender was used to
mechanically mix the two components.

For STFs with a low concentration of particles, conventionally, a certain amount of
particles were placed into a container and then the corresponding carrier fluid at an
exact ratio was added. A blender was used to mix them for one hour or until the
particles had all dispersed evenly in the carrier fluid. A vacuum chamber was then
used to eliminate bubbles from these suspensions to obtain the final shear thickening
fluid.

However, the fabrication process of mixing shear thickening fluid with high
concentration of particles could not be the same as the method described above. To
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have a high concentration STF, a shear thickening fluid with low concentration was
fabricated first and then more particles were added to the pre-made STF in small
increments until the exact ratio was reached. The blender was used to mechanically
stir the mixture for 20 minutes after each addition of particles, except for the final
mixing which lasted for half an hour. A vacuum chamber was also used to eliminate
bubbles from the resulting suspensions and the shear thickening fluid with high
fumed concentration of silica was synthesized.

The fabrication process of high concentration STFs was much longer than for low
concentration STFs, so a quick approach for fabricating high concentration STFs is
introduced in the next chapter.

2.2.4

Other Shear Thickening Materials

Other useful shear thickening materials that can be found in the literature include
dilatant materials and (in some cases) gels (Jones, 1988).

Some researchers have recently focused on the shear thickening gel, which can also
be called STF composites (Caritey and Cady, 201; Osuji and Weitz, 2008; Wagner et
al., 2010). STF composites were formed by blending the STF within the rubber
precursors and then adding a catalysing agent. This made it possible to contain STF
in each of the silicones such that the rubbers exhibited different behaviour with the
incased STF. Adding STF to open cell polyurethane created a Foam-STF composite
which exhibited a significant shear thickening response. STF composites have also
been formed by polymer blending, leading to materials with unique and superior
performance, these foam composites became solid like and absorbed energy at high
strains while still maintaining their fluid like response at low strain rates as a
consequence of the STF content and multiphase microstructure (Wagner et al., 2010).
Another novel STF composite was also reported by Caritey and Cady (2010), it was
a

combination

of

an

amphiphilic

polymer,

hydrophilic

particles

and

polyethyleneoxide, and it showed shear-gelling and shear-thickening properties.
Osuji and Weitz (2008) studied the gel flocculated from dilute dispersions of fractal
particles in hydrocarbon solvents. They observed the shear thickening in a colloidal
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system with attractive interactions and found the transition to shear thickening flow
was stress controlled and resulted in a fine suspension microstructure that produced
enhanced modulus gels. Ballard et al. (1988) proposed a theory using a transition
from intramolecular association (loop chains) to intermolecular association (bridge
chains) to explain the mechanism of shear thickening polymer. Xu et al. (2010)
added bis-Pd(II) or bis-Pt(II) complexes cross-linker to semi-dilute unentangled
solutions of poly(4-vinylpyridine) (PVP) in dimethyl sulfoxide (DMSO). They
reported that the onset and magnitude of the shear thickening depended on the
amount of cross-linkers added.
However, the STF and STF composites have some disadvantages, especially for the
stability and application of the liquid (Brown et al., 2010; Zhang et al., 2008a). To
overcome these drawbacks, solid samples that show a similar shear thickening effect
are required. Silicone rubber is one of the most commonly used materials for the
solid matrix. It is a rubber-like material consisting of silicone containing silicone
together with carbon, hydrogen, and oxygen. Because of its unique properties such as
high resistance to heat and frost, durability in atmosphere and physiologically inert,
silicone rubbers are being widely used in institutes and industry. Silicone rubber
offers good resistance to extreme temperatures, being able to operate normally from 55°C to +300°C. At extreme temperatures its tensile strength, elongation, tear
strength, and compression set can be far superior to conventional rubbers, although
still low relative to other materials (Meunier et al., 2008). Under a dynamic test, the
elastic modulus of silicone rubber was almost constant with its frequency at the low
frequency range (Blom and Kari, 2005). When the frequency was increased to more
than 500 Hz, the modulus of elasticity E increased by 1.3 times (Kulik et al., 2011).
Yu et al. (2012) used silicone rubber as the key material in an isolator with excellent
performance in vibration control.

2.3

RHEOLOGY OF STFs

The steady-state, dynamic properties and temperature effect of shear thickening
fluids will be stated in this section.
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2.3.1

Steady-state and dynamic properties of STF

The steady state rheology of shear thickening fluids can be stated with a shear
thinning region at low shear rates followed by a shear thickening region, after which
there is another shear thinning region. These results are representative of the
equilibrium structure that forms under the shear rate, but the time dependency
response of the suspensions are not illustrated in this test.

Then, some research aimed at the dynamic properties of STFs because under
dynamic loading the viscosity of shear thickening fluid does not depend on the shear
rate, but on a combination of shear strain 𝛾0 and frequency ω. This viscoelastic
response can be used to estimate the suspension relaxation time and also the
minimum shear rate to trigger shear thickening. Some controversy in the
applicability of the modified Cox-Merz rule or Delaware-Rutgers rule for these
suspensions is still ongoing. This rule related the steady state viscosity to the
dynamic fluid response as follows:
|𝜂∗ (𝜔𝛾0 )| = 𝜂(𝛾̇ )|𝛾̇ =𝜔𝛾0

(2.1)

where 𝜂 ∗ is the complex viscosity, ω is the oscillation frequency, 𝛾0is the oscillation
maximum strain, η is the steady state viscosity, and 𝛾̇ is the steady state shear rate.

Laun et al. (1991) reported the critical strain amplitude for dynamic shear thickening
at a fixed angular frequency of a polymer latex dispersion. Raghavan et al. (1997)
investigated the shear thickening response of fumed silica suspensions under steady
and oscillatory shear, and Fischer et al. (2006) investigated the dynamic properties of
STF based on a vibrating sandwiched beam.

2.3.2

Temperature Effect of STF

Besides the influencing factors mentioned in subsection 2.2.1.2 above, the
temperature is another very important factor affecting the shear thickening behavior.
Based on the two coupled Maxwell modes model, Jiang et al. (2003) developed an
evolution equation to describe the functional dependencies of the relaxation times,
modal concentrations, and coupling parameter as functions of temperature,
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concentration, and molecular weight of the polymer. Wang et al. (2011) studied the
effect of test temperature on shear thickening of the waxy maize starch (WMS)
suspensions. In their study, the WMS suspensions showed shear thickening under
different temperatures, but they did not develop a model to predict the critical shear
rate as well as the shear thickening effect at various temperatures. Rivero et al. (2011)
explained that the changes in property induced by temperature to the PEO-water
system were the consequence of two effects; first, the solubility of PEO in water
decreased with temperature, which indicated that the polymer coils shrunk to a more
compact conformation and hence intermolecular entanglements diminished, and
second, temperature increases led to an increase in the internal energy of the system
which, in turn, increased its free volume (Briscoe et al., 1998).

Galindo-Rosales et al. (2011a) used an apparent viscosity function with 11
parameters to describe the three characteristic regions of shear thickening, including
the slight shear thinning at low shear rates, followed by a sharp increase in viscosity
over the critical shear rate, and a subsequent pronounced shear thinning region at
high shear rates. Their numerical simulation provided an excellent fit for some
independent experimental data sets. Galindo-Rosales et al. (2011b) then improved
their model by changing the parameter Ki to λi and the equation of η2. They also
showed the detailed parameters of the STFs in their first investigation.
𝜂1 (𝛾̇ ) = 𝜂𝑐 + 1+(𝐾

𝜂0 −𝜂𝑐

2
𝑛
1 (𝛾̇ /(𝛾̇ −𝛾̇ 𝑐 ))) 1
𝜂𝑐 −𝜂𝑚𝑎𝑥

𝑓𝑜𝑟 𝛾̇ ≤ 𝛾̇𝑐

𝜂(𝛾̇ ) = 𝜂2 (𝛾̇ ) = 𝜂𝑚𝑎𝑥 + 1+(𝐾2 ((𝛾̇ −𝛾̇ 𝑐)/(𝛾̇ −𝛾̇ 𝑚𝑎𝑥 ))𝛾̇ )𝑛2
{

𝜂3 (𝛾̇ ) =

𝜂𝑚𝑎𝑥

𝑓𝑜𝑟 𝛾̇𝑐 ≤ 𝛾̇ ≤ 𝛾̇𝑚𝑎𝑥 (1.1)
𝑓𝑜𝑟 𝛾̇𝑚𝑎𝑥 ≤ 𝛾̇

1+(𝐾3 ((𝛾̇ −𝛾̇ 𝑚𝑎𝑥 ))𝑛3

(Galindo-Rosales et al., 2011a)

2.4

MECHANISM OF STF

Various mechanisms for the operation of STFs have been proposed, including the
formation of particle clusters by hydrodynamic lubrication forces (Wagner et al.,
2009; Cheng et al., 2011), granular dilation (Brown et al., 2010), or impact activated
solidification (Waitukaitis et al., 2012).
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Currently, an order-disorder transition theory is most commonly accepted for shear
thickening in most dispersions (Boersma et al., 1995), because at a shear rate below
shear thickening transition, repulsive inter-particle forces keep the particles separated
and smooth strings or layers of particles produce an ordered structure with a
relatively low viscosity, but as the shear rate increases, the hydrodynamic forces
begin to overcome the repulsive inter-particle force, which leads to a destruction of
the order in the dispersion and to the generation of hydroclusters. The liquid is then
unable to fill the gaps created between particles, so the friction increases
substantially causing an increase in viscosity. (Boersma et al., 1990; Boersma et al.,
1991; Brown et al., 2010). Figure 2.5 illustrates the change in microstructure of a
colloidal dispersion, which explains the transitions from shear thinning to shear
thickening. In equilibrium, random collisions among particles make them naturally
resistant to flow, but as the shear rate increases, particles become organised in the
flow, which lowers their viscosity. At yet higher shear rates, hydrodynamic
interactions between particles dominate over stochastic ones, a change that spawns
the so called hydroclusters, which are transient fluctuations in particle concentration
(Wagner and Brady, 2009).

Figure 2.5 The change in microstructure of a colloidal dispersion (Wagner and
Brady, 2009)

It has been demonstrated that reversible shear thickening results from hydrodynamic
lubrication forces between particles, often denoted by the term “hydroclusters”.
Initially the particles repel each other slightly so they float easily throughout the
liquid without clumping together or settling to the bottom. The energy of a sudden
impact overwhelms these repulsive forces so the particles stick together to form
hydroclusters, and then, when the energy from the impact has dissipated, the particles
16
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begin to repel one another again and the hydroclusters fall apart, so the apparently
solid substance reverts to a liquid. Support for the hydrocluster mechanism has been
demonstrated experimentally through rheological, rheo-optical, and neutron
experiments (Maranzano and Wagner, 2002), as well as computer simulations
(Catherall et al., 2000).

Some researchers investigated the modelling and simulation of STF. Boersma et al.
(1995) used Stokesian dynamic computer simulations to imitate the movements of
equally sized spherical particles on the onset of shear thickening, and in their
simulation their monolayer microstructures were observed at various shear flows.
Brown et al. (2010) used a simple model to predict the shear-thickening phase
boundaries when details of the particle properties or microstructure are not given.
Dratler et al. (1997) proposed an order-disorder transaction in suspensions
microstructure at the onset of shear thickening, and in their study they also proposed
a particle-doublet structure to analyse the particles’ movements. Fernandez et al.
(2013) identified a local Sommerfeld number that determined the transition from
Newtonian to shear-thickening flows, and then showed that the suspension’s volume
fraction and the boundary lubrication coefficient of friction control the nature of the
shear-thickening transition, both in simulations and experiments.

2.5

APPLICATIONS OF STFs

So far, the most famous application of STFs has been liquid body armour, but due to
their unique properties, they also have other useful applications. In this section,
liquid body armour, those devices with adaptive stiffness and damping, and smart
structures will be explained.

2.5.1

Liquid body armour

At present, protective clothing (also called liquid body armour), was expected to be
one of the most important applications of STFs because throughout history, personal
armour systems have been practical only when they could provide adequate
protection against prevailing threats whilst not impairing the wearer’s ability to
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perform their tasks. The materials currently used for body armour applications
cannot provide whole body protection due to their stiffness and bulk. Novel liquid
body armour based on STFs has shown some prospects towards improved protection
and flexibility. Longer term research is being carried out at the University of
Delaware and the US Army Research Laboratory, to use STF fabrics for ballistic,
puncture, and blast protection for the military, police, and first responders.

2.5.2

Devices with Adaptive Stiffness and Damping

The basic idea here is to use STF as a viscoelastic damper to obtain adaptive stiffness
and damping (Jolly and Bender, 2006). When subjected to a predetermined shear rate,
the shear thickening composition would undergo a dramatic and substantial increase
in viscosity and shear stress. A viscoelastic damper filled with an STF could control
the vibration of a structural member, or a tank, or a pipe, which might be caused by
an earthquake or wind. This would provide minimum reaction forces when the
structural member and so on are slowly displaced as a result of the thermal
deformation of the member itself, or another member connected thereto (Seshimo,
1988).

2.5.3

Smart structures

Smart structures based on STF and STF devices used for industrial applications have
also been investigated. A method for minimising damage to downhole equipment
where the STF was used as a tamp in controlled pulse fracturing (CPF) (Hunt et al.,
1991) has already been described. The STF would become more viscous and more
resistant to flow up the production string or tubing as fluid velocities increased under
the force generated by the ignited propellant. This would slow or even stop the
upward movement of structures and any damage to equipment would be lessened
(Hunt et al., 1991). Another invention presented a method for processing composite
structures with tailored stiffness and damping performance incorporating STF,
preferably at the interface between two elements belonging to the same structure and
moving relative to each other (Fischer et al., 2009). According to the authors, the
composite structure incorporating STFs may be used advantageously in applications
18

CHAPTER 2 LITERATURE REVIEW

such as sports equipment, aeronautics, aerospace, and consumer goods, or in any
other suitable field where the dynamic properties of the said structure need to be
tailored.

Laun et al. (1991) and Helber et al. (1990) investigated the application of STFs in
mounting systems for industrial machinery. STF and STF devices have been
developed for use in medical equipment to limit movement of a person’s joint such
as shoulder, knee, elbow, ankle, hip, etc., so as to prevent the patient from subjecting
the joint to sudden rapid acceleration. Such devices can help limit the attendant
damage that could result from such rapid acceleration. STF was also used for
surgical and medical garments to inhibit penetration of the garments. Williams et al.
(2009) reported that puncture resistance increased when STF was incorporated into
surgical garments such as gowns, gloves, masks and other wound-care products and
the like, where the SFF was used as a layer on at least one of the inner and outer
surfaces of the garment. This multi-layered STF composite was prepared for
stopping projectiles by Joanna et al. (2007). The composite consisted of layers of
mesh and STF, where STF was located within the mesh layer or in another layer of
the stack of layers. Wasserman et al. recently reported (2010) that shear thickening
compositions can function in an energy or communications transmission cable to
increase protection against externally applied forces, e.g., cutting or puncture from a
shovel. The invention was a cable consisting of a conductor surrounded by an STF
system encased in a cable jacket. The shear thickening composition not only
provided protection against mechanical damage but also enhanced the char formation
mechanism for superior flame retardation that far surpassed conventional
technologies.

2.6

STF BASED DUAL- OR MULTI-FUNCTIONAL SMART

MATERIALS
STFs can be combined with other materials to generate dual- or multi-functional STF
based smart materials. Zhang et al. (2008a and 2010) investigated the combination of
shear thickening fluids with magnetorheological fluids (MRFs). By adding carbonyl
iron particles to STFs, they obtained the magnetorheological shear thickening fluids
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(MRSTFs). MRSTFs showed both shear thickening and magnetorheological
properties so there will be great potential to apply this new smart material in
vibration absorption devices. Peng et al. (2014) proposed a four-parameter
viscoelastic model to reconstruct the mechanical behaviour of MRSTF under
different working conditions. This model was able to predict viscoelastic materials
with the accuracy desired.

As typical STFs include carrier fluid and particles as ingredients, there are other
smart materials showing shear thickening which are also shear thickening fluid, of
which, electrorheological fluid (ERF) is a good example. Tian et al. (2011) found
that electrorheological fluids made of NaY zeolite particles and silicone oil showed
shear thickening at low shear rates under an electric field; this ERF had an
electrorheological phenomenon and exhibited shear thickening behaviour under
certain conditions. Jiang et al. (2014) also reported two ERFs which were based on
polystyrene/polyaniline (PS/PANI) core/shell structured microspheres and disk-like
zeolite particles, respectively. They found that both types of ER fluids showed abrupt
shear thickening under high electric fields and low shear rates, as well as shear
thinning when the shear rate increased. As mentioned above, these ERFs can also be
treated as STF based smart materials which showed both electrorheological
properties and shear thickening.

2.7

CONCLUSION

In this chapter the recent studies in various aspects related to shear thickening fluids
have been described and reviewed. They include shear thickening materials, and the
rheology, mechanism, and application of STFs, and STF based multi-functional
smart materials. Shear thickening fluids are now classified as smart materials that are
particularly well suited to protect the human body and some structures because of the
unique properties of STFs. In this thesis, an extensive investigation of shear
thickening/stiffened materials is carried out in the following chapters.
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CHAPTER 3
SYNTHESIS, MECHANISM & TEMPERATURE
EFFECT OF STFS
3.1

INTRODUCTION

In this chapter the materials and fabrication of shear thickening fluid will be
introduced. Rheological measurements of shear thickening fluid will be conducted by
a shear-stress controlled rheometer, and its temperature effect will also be explained.

3.2

SHEAR THICKENING FLUID SYNTHESIS

In this section the materials used to fabricate shear thickening fluid, including the
method used to fabricate highly concentrated shear thickening fluid, and the quick
fabrication method will be presented.

3.2.1

Materials

In this study the nanoparticles were fumed silica and the carrier fluid was ethylene
glycol, as explained below.

3.2.1.1 Fumed silica

The fumed silica used in this study was type S5505 (Sigma-Aldrich Pty. LTD). Its
primary structure consists of branched aggregates formed by the fusion of
nanoparticles (average crystal size of 14 nm and a specific surface area of
approximately 200 m2/g), as can be observed by atomic force microscopy (AFM) in
Figure 3.1. This aggregated structure is responsible for the unique properties of
fumed silica (Demir et al., 2006). Note that the aggregates cannot be disrupted any
further by shear which means the aggregation structure is steady, but the

21

CHAPTER 3 SYNTHESIS, MECHANISM & TEMPERATURE EFFECT OF STFs

aggregations can continue to gather and form cluster structure which can then be
separated by applied shear.

S5505 fumed silica particles are hydrophilic so they attract moisture from the
atmosphere, which is harmful to the shear thickening effect when they are added to
the solvent. Therefore, before fabricating the shear thickening fluid, the S5505 fumed
silica particles were always placed in a vacuum oven under -100 KPa and set at
120 °C for more than 24 hours. This process allowed the moisture from the particles
of fumed silica to evaporate completely, and thus ensure that the fabricated shear
thickening fluid will be constant.

Figure 3.1 AFM images of S5505 fumed silica

3.2.1.2 Ethylene glycol
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The carrier fluid was ethylene glycol [HOCH2CH2OH] (type 102466, ReagentPlus®,
Sigma-Aldrich Pty. LTD). Ethylene glycol is clear Newtonian fluid, with a molecular
weight of 62.07 g/mol and a density of 1.113 g/ml. Its boiling point is 195-198 °C at
1013 hPa and its vapour pressure is 0.11-0.13 hPa at 20 °C.

3.2.2

Conventional synthesis

To fabricate a shear thickening fluid with a concentration of low fumed silica
particles, fumed silica powders were usually added to the carrier fluid at an exact
ratio and a blender was used to mechanically mix the two components until the silica
was dispersed evenly in ethylene glycol. The final mixture was a clear liquid when
there was no external interference. A vacuum chamber was used to eliminate bubbles
from the resulting suspensions and then the shear thickening fluid was prepared and
ready to use.

3.2.3

High concentration sample synthesis

However, the shear thickening fluid with the concentration of high fumed silica (>25%
weight fraction) could not be synthesized by the above mentioned fabrication method,
but there is another procedure to fabricate the STF with over 25% fumed silica
weight fraction in ethylene glycol.

A shear thickening fluid with a lower concentration of fumed silica was fabricated
first and then more fumed silica powder was added to the pre-made STF in small
increments until the exact ratio was reached. A blender was used to mechanically stir
the mixture for 20 minutes after each addition, but the final mixing lasted for half an
hour. A vacuum chamber was also used to eliminate bubbles from the resulting
suspensions and the shear thickening fluid with a high concentration of fumed silica
was synthesized.

As an example, to fabricate 100 g STF with 30 wt. % fumed silica, there were 70 g
ethylene glycol and 30 g fumed silica. First, 22 g fumed silica was added to 70 g
ethylene glycol and the mixture was stirred until it became a clear liquid. The initial
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weight fraction of fumed silica should be less than 24% empirically, like in this case
it was 22/(22+70)=23.9%. Then 2 g fumed silica was added to the previous mixture
which was then stirred with a blender. Initially the new mixture became solid, but
then it became a liquid again after being stirred sufficiently. The previous step should
be repeated until all 30 g fumed silica has been dispersed into 70 g ethylene glycol.
Usually this fabrication would take more than 20 hours, which was quite time
consuming.

3.2.4

Quick synthesis method

There is another approach to fabricate shear thickening fluid which is faster than the
conventional method. A certain amount of ethanol was used as an additive and mixed
with ethylene glycol and fumed silica so that the liquid phase of the whole mixture
can be sufficient for fumed silica to dissolve in at the right ratio to ethylene glycol.
For instance, 20 g ethanol (type 493546, Sigma-Aldrich Pty. LTD) was added to 40 g
ethylene glycol and 10 g fumed silica so that the fumed silica powders dissolved
easily in the mixture in a liquid state. A hotplate magnetic stirrer (type SLR, SchottGeräte GmbH Pty. LTD) was used to disperse the fumed silica for 20 minutes at
room temperature and then 10 °C was set in the hotplate to evaporate the ethanol
from the mixture for 30 minutes. When all the ethanol in the mixture had evaporated,
the mixture was stirred again for 10 minutes and placed inside a vacuum chamber to
eliminate any bubbles. For an STF sample with 20% fumed silica in ethylene glycol,
this fabrication approach saved 1 hour, but for a highly concentrated STF sample,
this quick method can save tens of hours in the fabrication process.
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Figure 3.2 Photo of Oil bath and magnetic stirrer used to evaporate the ethanol

Figure 3.3 shows a comparison of the STF sample made by the conventional method
and the quick method. It is clear that both methods show very similar viscosity
curves versus shear rate, and their critical shear rates and shear thickening effects are
also very close. This proves that the STF fabricated by the quick method has the
same properties as that fabricated by the conventional method.
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Figure 3.3 Comparison of the STF sample made by conventional method and by
the quick method

3.3

MECHANICAL PROPERTIES OF STFs

In this section the experimental devices, steady state tests, and dynamic oscillatory
tests of shear thickening fluid will be presented.

3.3.1

Experimental devices

A rotational parallel-plates Rheometer (MCR 301, Anton Paar Companies, Germany)
with a conical measuring system (PP20, 20 mm plate, Anton Paar Companies,
Germany) and a temperature control Device (Viscotherm VT2, Anton Paar
Companies, Germany) were used to measure the STFs’ mechanical properties. The
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temperature range in this measuring machine was from 15-85 ºC because water was
the medium. Figure 3.4 shows a sketch of the rheological test system.

Figure 3.4 A diagram of the experimental setup

The STF samples were placed onto the bottom plate of the Rheometer, and then the
upper plate was lowered to form a gap of 1 mm. With the help of the temperature
control device, the measuring temperatures could be set between 20 ºC and 80 ºC in
the tests.

3.3.2

Steady state tests

The STF sample used in the steady state test contained 20% weight fraction of fumed
silica in ethylene glycol. The sample was rotated isothermally by varying the shear
rate from 0.1 to 1000 1/s at room condition. Figures 3.5 and 3.6 show 20% STF
sample’s viscosity as a function of shear rate and shear stress, respectively.
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Figure 3.5 Viscosity as a function of shear rate (20% STF)

Figure 3.6 Viscosity as a function of shear stress (20% STF)
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As Figure 3.5 shows, the 20% STF has a clear shear thickening effect such that at a
low shear rate the viscosity gradually decreased and then the viscosity began to
increase dramatically when the shear rate was above a critical value (9.55 1/s) until it
reached the peak viscosity value. After the shear thickening region, the viscosity
decreased again. When the x-axle was changed from shear rate to shear stress, the
viscosity as a function of shear stress is shown in Figure 3.6. The figure shows that
the viscosity also experienced a shear thickening effect when the shear stress
increased, which is another important characteristic of a shear thickening fluid.

3.3.3

Dynamic oscillatory tests

In the dynamic oscillatory tests, both strain amplitude sweep tests and angular
frequency sweep tests were performed to the 20% STF and the results are shown in
the next sub-sections.

3.3.3.1 Strain amplitude sweep

In the strain amplitude sweep, the 20% STF sample was also measured by a
rheometer at room temperature and the gap was 1 mm. In each test the angular
frequency was set at a constant value and the shear strain amplitude was swept from
1% to 100000%.
Figure 3.7 shows the 20% STF’s storage modulus, loss modulus, and loss factor as a
function of shear strain amplitude at 1 rad/s. The loss factor 𝑡𝑎𝑛(𝛿) was calculated
by the loss modulus/storage modulus 𝐺"/𝐺′ which defines the ratio of viscous and
the elastic portion of the viscoelastic deformation behavior. It was noted that the loss
modulus dominated in all the strain amplitude range, which means the STF showed a
liquid state. Figure 3.7 also shows that at a low strain amplitude range, the 20% STF
exhibited linear viscoelastic properties, where the storage modulus varied little with
the strain amplitude, but when the strain amplitude was above a critical value (100%
strain amplitude), the storage modulus and the loss modulus both decreased and the
loss factor increased dramatically, showing the dominance of the viscoelastic plastic
property.
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For liquid samples the viscosity is mostly dependent on the loss modulus, and under
different angular frequencies, the loss modulus showed an increasing trend which is
summarised in Figure 3.8.

Figure 3.7 Storage modulus, loss modulus and loss factor as a function of strain
amplitude at 1 rad/s
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Figure 3.8 Loss modulus as a function of strain amplitude at 1, 5 and 10 rad/s

Figure 3.8 shows that under a certain angular frequency, the curve versus loss
modulus was similar to the viscosity versus shear rate; this result also shows that the
sample had a clear shear thickening effect. Meanwhile, when the frequency increased,
the sample’s loss modulus also increased, which meant that the viscosity increased
with an increasing angular frequency.

3.3.3.2 Angular frequency sweep

In the angular frequency sweep, the 20% STF sample was measured at room
temperature while the gap was also 1 mm. In each test the shear strain amplitude was
set at a constant value and the angular frequency was swept from 1 rad/s to 100 rad/s.
Figure 3.9 shows the 20% STF’s Storage modulus, loss modulus, and loss factor as a
function of angular frequency at 10% strain amplitude.
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Figure 3.9 Storage modulus, loss modulus and loss factor as a function of
angular frequency at 10% strain amplitude

It was noted that within 5 rad/s, the loss factor oscillated at around 1, which means
the storage and loss moduli were very close to each other, but when the angular
frequency was above 5 rad/s, the storage modulus had a higher increase than the loss
modulus and the loss factor began to be lower than 1 and kept decreasing, which
means the STF behaved more like a solid than a liquid. This measurement proves
that increasing the angular frequency is one of the methods used to trigger the onset
of shear thickening.

Figure 3.10 is the storage and loss moduli as functions of angular frequency at
different shear strain amplitude.
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Figure 3.10 Viscoelastic properties as a function of angular frequency at 10%,
50% and 100% strain amplitudes: (a) Storage modulus; (b) Loss modulus

Figure 3.10 shows that at a certain shear strain amplitude, the storage and loss
moduli both showed an increasing trend with the angular frequency, a result that was
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seen in Figure 3.8. All the curves of storage and loss modulus were very close at
different strain amplitudes (10%, 50% and 100%), which means that within 100%
strain amplitude the STF was in the linear range, which has been proven in Figure
3.7.

3.4

TEMPERATURE EFFECT OF STFs

In the temperature effect tests, there were four STF samples with different
concentrations of fumed silica which are summarised in Table 3.1. Temperature
sweep measurements on each sample were carried out first followed by steady state
tests at 20 ºC, 40 ºC and 60 ºC. The STF samples were also placed on the bottom
plate of the Rheometer and the measuring gap was also set at 1 mm.

Table 3.1 Summary of STF used in temperature tests
Fumed silica (g)

Ethylene glycol (g)

Fumed silica weight fraction

10.00

40

20%

11.28

40

22%

12.63

40

24%

14.05

40

26%

With the help of the temperature control device, the measuring temperatures were set
at 20 ºC, 40 ºC and 60 ºC in the tests to obtain the rheological properties of shear
thickening fluid at different temperatures. At a certain temperature, the STF samples
were rotated isothermally by varying the shear rate from 0.1 to 1000 1/s.

3.4.1

Temperature sweep tests

Firstly, temperature sweep tests were conducted on all four STF samples, and then
the shear rate was set at 1 1/s and the temperature was increased from 20 ºC to 80 ºC.
Every STF sample was measured three times and then the average value of all three
tests were calculated and plotted in the following figure.
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Figure 3.11 Temperature sweep test of all STF samples
It is clear to see that at 70 ºC, the STF samples’ viscosities gradually decreased, but
they dropped abruptly when the temperature was above 70 ºC. Thus, the
temperatures selected in this study were to be 20 ºC, 40 ºC and 60 ºC for the
following measurements.

3.4.2

Steady state test

In steady state temperature tests, all the four STF samples were driven by shear rates
from 1 to 1000 1/s and the temperatures were set at 20, 40, and 60 °C, respectively.
Figures 3.12-3.14 show the visocosity as a function of shear rate at these three
temperatures.
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Figure 3.12 Viscosity as a function of shear rate at 20 °C

Figure 3.13 Viscosity as a function of shear rate at 40 °C
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Figure 3.14 Viscosity as a function of shear rate at 60 °C

In figure 3.12, it is clear that at 20 °C all the STF samples showed an obvious shear
thickening effect and the sample with higher concentration of fumed silica showed a
higher viscosty. Meanwhile, the sample with the higher concentration of fumed
silica showed a stronger shear thickening effect and a lower critical shear rate. This
result coincides with the studies from other research groups.

Figures 3.13 and 3.14 show the viscosity versus shear rate at 40 and 60 °C,
respectively. As with the data at 20 °C, the sample with the higher concentration of
fumed silica also showed a higher viscosty, a stronger shear thickening effect, and a
lower critical shear rate.

The data for each sample under different temperatures was also summarised and
shown in figures 3.15 to 3.18.
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Figure 3.15 Viscosity as a function of shear rate of 20% STF at 20, 40 and 60 °C

Figure 3.16 Viscosity as a function of shear rate of 22% STF at 20, 40 and 60 °C
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Figure 3.17 Viscosity as a function of shear rate of 24% STF at 20, 40 and 60 °C

Figure 3.18 Viscosity as a function of shear rate of 26% STF at 20, 40 and 60 °C
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Figure 3.15 shows that the viscosity decreased very smoothly before 10 1/s shear rate
and then it increased dramatically above 20 1/s shear rate at 20 °C. After a peak
value 56.5 Pa·s, a gradual downward slope starts in the viscosity curve. At higher
temperatures, the samples still had an obvious shear thickening effect, but the
viscosity was lower at higher temperatures, which also led to higher critical shear
rates and lower shear thickening effects. So either the critical shear rate or the shear
thickening effect of STF is a function of the testing temperature, respectively.

It was also noted that for each STF sample, the viscosity versus shear rate curves
under different temperature had the same shape but with various amplitudes. This
provided the possibility of modifying the curves under different temperatures. It was
suggested that if the viscosity versus shear rate curve can be determined at 20 °C, the
curves at 40 °C and 60 °C could be modified from the curve at 20 °C. This will be
further discussed in the modelling section in 3.4.3.
The shear stress τ is another important coefficient of shear thickening fluid, and it is
the result of multiplying the viscosity η and shear rate 𝛾̇ as 𝜏 = 𝜂 ∙ 𝛾̇ . In the steady
state temperature test, the shear stress can be gained by the numerical calculation
when the viscosity and shear rate are both measured. Figures 3.19 to 3.22 show the
viscosity versus shear stress curves for all the samples.
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Figure 3.19 Viscosity as a function of shear stress of 20% STF at 20, 40 and
60 °C

Figure 3.20 Viscosity as a function of shear stress of 22% STF at 20, 40 and
60 °C
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Figure 3.21 Viscosity as a function of shear stress of 26% STF at 20, 40 and
60 °C

Figure 3.22 Viscosity as a function of shear stress of 26% STF at 20, 40 and
60 °C
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To have a clear comparison of the data, Table 3.2 summarises the parameters of all
the four samples at 20 °C.

Table 3.2 The critical parameters of all the four samples at 20°C.
Parameters

20% STF

22% STF

24% STF

26% STF

Critical shear rate 𝛾̇ 𝑐_20 (1/s)

9.55

7.56

5.34

3.22

Peak shear rate 𝛾̇ max _20 (1/s)

221

124

69.4

43

Initial viscosity ηo_20 (Pa·s)

1.3

2.1

2.9

3.7

Critical viscosity ηc_20 (Pa·s)

0.6

1

1.7

3

Peak viscosity ηmax_20 (Pa·s)

56.5

113

226

471

Critical shear stress (Pa)

5.73

7.56

9.078

9.66

Peak stress (Pa)

12486.5

14012.0

15684.4

25210.0

Shear thickening effect (1)

94.16667

113

132.9412

157

It was noted that the important coefficients listed in Table 3.2 have a specific trend
with the STFs’ concentration of fumed silica, which means that all the coefficients
can be expressed as a function of the concentration of fumed silica in STFs. Since
most of the functions were linear, they can easily be expressed by a function of
concentration, except for the critical viscosity, but when the viscosity versus
concentration of fumed silica curve was plotted in the log scale in Figure 3.23, it
shows a straight line that was also expressed numerically.
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Figure 3.23 Critical viscosity as a function of concentration of fumed silica at
20 °C.

3.4.3

Modelling

In GR’s study (Galindo-Rosales et al., 2011a), there was a shortcoming in Equation
1.1 which was that if any n1, n2 or n3 was a decimal, the value in the bracket must be
positive, otherwise the equation fails. They have since improved their function
(Galindo-Rosales et al., 2011b). Meanwhile, I proposed Equation 3.1 to overcome
this drawback.
𝜼𝟏 (𝜸̇ ) = 𝜼𝒄 +

𝜼𝟎 −𝜼𝒄

𝜼(𝜸̇ ) = 𝜼𝟐 (𝜸̇ ) = 𝜼𝒎𝒂𝒙 + 𝟏+|[𝑲
{

𝜼𝟑 (𝜸̇ ) = 𝟏+|[𝑲

𝒏

𝟏+|[𝑲𝟏 (𝜸̇ 𝟐 /(𝜸̇ −𝜸̇ 𝒄 ))]| 𝟏
𝜼𝒄 −𝜼𝒎𝒂𝒙
𝜼𝒎𝒂𝒙

𝒏
𝟐 ((𝜸̇ −𝜸̇ 𝒄 )/(𝜸̇ −𝜸̇ 𝒎𝒂𝒙 ))𝜸̇ ]| 𝟐

𝒏
𝟑 ((𝜸̇ −𝜸̇ 𝒎𝒂𝒙 )]| 𝟑

𝒇𝒐𝒓 𝜸̇ ≤ 𝜸̇ 𝒄
𝒇𝒐𝒓 𝜸̇ 𝒄 ≤ 𝜸̇ ≤ 𝜸̇ 𝒎𝒂𝒙
𝒇𝒐𝒓 𝜸̇ 𝒎𝒂𝒙 ≤ 𝜸 ̇
(3.1)

where the calculation inside the square brackets are the absolute values which are
always positive so they can be calculated in the power of decimal numbers. Ki (for i
= I, II, III) possesses time dimensions and is responsible for the transitions between
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the plateaus and the power-law, while the dimensionless exponents ni are related to
the slopes of the power-law regimes (Galindo-Rosales et al., 2011a). By means of
Equations 3.2 and 3.3, it can be proved that as well as Equation 1.1, Equation 3.1 is
still continuous in the whole domain of 𝛾̇ .
𝐥𝐢𝐦𝜸̇ →𝜸̇ −𝒄 𝜼(𝜸̇ ) = 𝐥𝐢𝐦𝜸̇ →𝜸̇ +𝒄 𝜼(𝜸̇ ) = 𝜼𝒄
𝐥𝐢𝐦𝜸̇ →𝜸̇ −𝒎𝒂𝒙 𝜼(𝜸̇ ) = 𝐥𝐢𝐦𝜸̇ →𝜸̇ +𝒎𝒂𝒙 𝜼(𝜸̇ ) = 𝜼𝒎𝒂𝒙

(3.2)
(3.3)

Moreover, it can be also proved by means of Equations 3.4 and 3.5 that its first
derivative exists and is also continuous:
𝐥𝐢𝐦𝜸̇ →𝜸̇ −𝒄

𝒅𝜼(𝜸̇ )

𝐥𝐢𝐦𝜸̇ →𝜸̇ −𝒎𝒂𝒙

𝒅𝜼(𝜸̇ )

𝒅𝜸̇
𝒅𝜸̇

= 𝐥𝐢𝐦𝜸̇ →𝜸̇ +𝒄

𝒅𝜼(𝜸̇ )
𝒅𝜸̇

= 𝐥𝐢𝐦𝜸̇ →𝜸̇ +𝒎𝒂𝒙

=𝟎

𝒅𝜼(𝜸̇ )
𝒅𝜸̇

=𝟎

(3.4)
(3.5)

where (𝛾̇𝑐 , ηc) and (𝛾̇𝑚𝑎𝑥 , ηmax) are local minimum and maximum points, respectively.
Therefore, the viscosity function proposed and given by Equation 3.1, satisfies all the
requirements defined above (Galindo-Rosales et al., 2011a).

Modeling on concentration

Nevertheless, note that Equations 3.2 and 3.3 do not introduce any constraints to the
11 parameters appearing in Equation 3.1. Therefore, these parameters are
independent and can be determined from the experimental data (Galindo-Rosales et
al., 2011a). Table 3.3 summarises some of the parameters, including the critical shear
rate 𝛾̇ 𝑐_20 , the peak shear rate 𝛾̇ max _20 , the initial viscosity ηo_20, the critical viscosity
ηc_20 and peak viscosity ηmax_20 which are needed in Equation 2. Approximation by
least squares was used to calculate the viscosity function with the experimental data.
Suitable Ki and ni (for i = I, II, III) are summarised in Table 3.3.
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Table 3.3 Parameter of the Viscosity Function
Parameters

20% STF

22% STF

24% STF

26% STF

K1

1.5

3.0

6.0

12.0

K2

0.006

0.012

0.024

0.048

K3

0.003

0.006

0.012

0.024

n1

1.2

1.2

1.2

1.2

n2

1.8

1.8

1.8

1.8

n3

1.0

1.0

1.0

1.0

In Table 3.3, it is noted that the value of Ki has a logarithmic linear trend with the
concentration increasing and ni are constant, so the following equations were
proposed to show the trends between Ki / ni and the concentration ϕ.
𝑲𝟏 = 𝒆𝒙𝒑(𝟎. 𝟒𝟎𝟓𝟒𝟔𝟓 + 𝟑𝟒. 𝟔𝟓𝟕𝟑𝟔 ∗ (∅ − 𝟐𝟎%))

(3.6)

𝑲𝟐 = 𝒆𝒙𝒑(−𝟓. 𝟏𝟏𝟔 + 𝟑𝟒. 𝟔𝟓𝟕𝟑𝟔 ∗ (∅ − 𝟐𝟎%))

(3.7)

𝑲𝟑 = 𝒆𝒙𝒑(−𝟓. 𝟖𝟎𝟗𝟏𝟒 + 𝟑𝟒. 𝟔𝟓𝟕𝟑𝟔 ∗ (∅ − 𝟐𝟎%))

(3.8)

𝒏𝟏 = 𝟏. 𝟐

(3.9)

𝒏𝟐 = 𝟏. 𝟖

(3.10)

𝒏𝟑 = 𝟏. 𝟎

(3.11)

Similarly, the parameters in Table 3.2 were also identified as a function of
concentration ϕ, which are the following Equations 3.12 to 3.16.
𝜸̇ 𝒄_𝟐𝟎 = −𝟏𝟎𝟔. 𝟎𝟓∅ + 𝟑𝟎. 𝟖𝟎𝟗

(3.12)

𝜸̇ 𝐦𝐚𝐱 _𝟐𝟎 = 𝟓. 𝟐𝟓𝟔𝟖 ∗ 𝒆−𝟐𝟕.𝟒𝟔∅ ∗ 𝟏𝟎𝟒

(3.13)

𝜼𝟎_𝟐𝟎 = 𝟒𝟎∅ − 𝟔. 𝟕

(3.14)

𝜼𝒄_𝟐𝟎 = 𝟐. 𝟖 ∗ 𝒆𝟐𝟔.𝟕𝟗𝟓∅ ∗ 𝟏𝟎−𝟑

(3.15)

𝜼𝐦𝐚𝐱 _𝟐𝟎 = 𝟒. 𝟖𝟒 ∗ 𝒆𝟑𝟓.𝟐𝟕𝟓∅ ∗ 𝟏𝟎−𝟐

(3.16)

Modelling on temperature

As mentioned in section 3.4.2 above, for each STF sample, the curves of viscosity
versus shear rate under different temperatures were similar to each other, which
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means that once the data at 20 °C was gained, with amplitude adjustment, the offsets
can be used for the shear rate and viscosity respectively to get the data at 40 °C and
60 °C. The shear rate and viscosity under another temperature can be expressed
based on the shear rate and viscosity at 20 °C, which are shown in the following
equations:
𝜸̇ 𝒏 = 𝐞𝐱𝐩(𝒍𝒐𝒈𝜸̇ 𝟐𝟎 + 𝜹𝟏 )

(3.17)

𝜼𝒏 = 𝐞𝐱𝐩(𝜹𝟑 (𝒍𝒐𝒈𝜼𝟐𝟎 + 𝜹𝟐 ))

(3.18)

According to Equation 3.17, the critical and maximal shear rates at another
temperature are also a function of the critical and maximal shear rates at 20 °C.
𝜸̇ 𝒏_𝒄 = 𝐞𝐱𝐩(𝒍𝒐𝒈𝜸̇ 𝟐𝟎𝒄 + 𝜹𝟏 )

(3.19)

𝜸̇ 𝒏_𝒎𝒂𝒙 = 𝐞𝐱𝐩(𝒍𝒐𝒈𝜸̇ 𝟐𝟎_𝒎𝒂𝒙 + 𝜹𝟏 )

(3.20)

Based on the data curves in Figure 3.12-3.18, the offset on shear rate (δ1), the offset
on viscosity (δ2), and the amplitude adjustment (δ3) were calculated by the least
squares method and summarised in Table 3.4.

Table 3.4 Parameter of amplitude adjustment and offsets on temperature
modeling
Parameters

Shear rate
offset

Viscosity
offset

Amplitude
adjustment

Temperature

20% STF

22% STF

24% STF

26% STF

20 °C

0

0

0

0

40 °C

0.45

0.45

0.45

0.45

60 °C

0.9

0.9

0.9

0.9

20 °C

0

0

0

0

40 °C

-0.3

0.375

0.45

0.525

60 °C

-0.6

-0.75

-0.9

-1.05

20 °C

1

1

1

1

40 °C

0.8

0.8

0.8

0.8

60 °C

0.6

0.6

0.6

0.6

Table 3.4 shows that the offsets and amplitude adjustment are a function of both
Temperature T and concentration ϕ, as shown by the following equations:
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𝜹𝟏 = 𝟎. 𝟎𝟐𝟐𝟓𝑻 − 𝟎. 𝟒𝟓

(3.21)

𝜹𝟐 = 𝟑. 𝟕𝟓∅ + 𝟎. 𝟎𝟐𝟐𝟓𝑻 − 𝟎. 𝟏𝟖𝟕𝟓∅𝑻 − 𝟎. 𝟒𝟓

(3.22)

𝜹𝟑 = −𝟎. 𝟎𝟏𝑻 + 𝟏. 𝟐

(3.23)

By summarising all the equations mentioned above, a final equation can be obtained
as
𝜼𝟏 (𝜸̇ )
𝜼(𝜸̇ ) = { 𝜼𝟐 (𝜸̇ )
𝜼𝟑 (𝜸̇ )

𝒇𝒐𝒓 𝜸̇ ≤ 𝜸̇ 𝒏_𝒄
𝒇𝒐𝒓 𝜸̇ 𝒏_𝒄 ≤ 𝜸̇ ≤ 𝜸̇ 𝒏_𝒎𝒂𝒙
𝒇𝒐𝒓 𝜸̇ 𝒏_𝒎𝒂𝒙 ≤ 𝜸 ̇

(3.24)

where
𝛾̇𝑛_𝑐 = exp(𝑙𝑜𝑔(−106.05∅ + 30.809) + 0.0225𝑇 − 0.45)
𝛾̇𝑛_𝑚𝑎𝑥 = exp(log(0.00052568 ∗ 𝑒𝑥𝑝(−27.46∅)) + 0.0225𝑇 − 0.45)
𝜂1 (𝛾 ̇ ) = 𝑒𝑥𝑝(((−0.01𝑇 + 1.2)(log(0.0028 ∗ 𝑒𝑥𝑝(26.795∅) + ((40∅ − 6.7) −
(0.0028 ∗ 𝑒𝑥𝑝(26.795∅)))/(1 + |((𝑒𝑥𝑝(0.405465 + 34.65736 ∗ (∅ −
20%)))(𝛾 ̇^2/(𝛾 ̇ − (−106.05∅ + 30.809))))|^1.2 )) +3.75∅ +
0.0225𝑇 − 0.1875∅𝑇 − 0.45)))
𝜂2 (𝛾 ̇ ) = exp(((−0.01𝑇 + 1.2)(log(0.0484 ∗ 𝑒𝑥𝑝(35.275∅) + (0.0028 ∗
𝑒𝑥𝑝(26.795∅) − 0.0484 ∗ 𝑒𝑥𝑝(35.275∅))/(1 + |((𝑒𝑥𝑝(−5.116 +
34.65736 ∗ (∅ − 20%)))((𝛾 ̇ + 106.05∅ − 30.809)/(𝛾 ̇ − 0.00052568 ∗
𝑒𝑥𝑝(−27.46∅) )) 𝛾 ̇ )|^1.8 )) +3.75∅ + 0.0225𝑇 − 0.1875∅𝑇 − 0.45)))
𝜂_3 (𝛾 ̇ ) = exp(((−0.01𝑇 + 1.2)(log((0.0484 ∗ exp(35.275∅))/(1 +
|((𝑒𝑥𝑝(−5.80914 + 34.65736 ∗ (∅ − 20%)))(𝛾 ̇ − 0.00052568 ∗
exp(−27.46∅) ))|^1.0 )) +3.75∅ + 0.0225𝑇 − 0.1875∅𝑇 − 0.45)))
As can be seen, in Equation 3.24 there is only the concentration ϕ, the temperature T,
and the shear rate γ̇ , which means for a certain concentration of STF under a certain
temperature, the viscosity can be calculated by a given shear rate. This proves that
this final equation can combine concentration and temperature to predict a STF’s
viscosity versus shear rate curve.
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It is worth pointing out that the goal here is not to find the mechanisms behind the
shear thickening behaviour, but to demonstrate the possibility of using a complex and
to some extent a simple viscosity function to fit the viscosity versus temperature
curves of various STF samples at different temperatures. It is also noted that the
values of 𝛾̇ 𝑐_20 , 𝛾̇ max _20 , ηc_20 and ηmax_20 were obtained from the experimental data
prior to starting the iterative fitting processes. By different ingredients and various
testing conditions, the values of all the parameters may be different and the whole
process should be done again to adapt to the specific conditions.

3.4.4

Comparison and Discussion

The Levenberg-Marquardt algorithm (LMA) was used in all the fitting procedures
because it combines the Gauss-Newton and steepest descent methods needed to
obtain the values of the parameters by an iterative chisquare minimisation technique.
The fitting is considered to be converged when the difference between the 𝑋 2 values
obtained in two successive iterations is smaller than a given tolerance, chosen here as
10−9. In order to improve the success of the fitting process, the parameters must be
initialised to values as close as possible to the target ones by using the experimental
data. Moreover, the fitting for each part of the curve must be carried out separately
using the corresponding branch of Equation 3.24. We must emphasize the accuracy
and robustness of all the fittings used in this work with Equation 3.24 because while
the specific values are not shown here for conciseness, in all the cases considered,
the correlation coefficient was R2 ≥0.9, and in most cases R2 ≥0.95, while the
relative errors in the values of the 11 fitting parameters were always smaller than 10%
at a 95% confidence level (Dratler et al., 1997).

The data of 20%, 22%, 24% and 26% STF by the function and the experimental
results were compared in Figure 3.24 at 20 ºC, 40 ºC, and 60 ºC.
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Figure 3.24 Comparison of function simulation and experimental data: (a) 20%
STF; (b) 22% STF; (c) 24% STF; (d) 26% STF
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It is clear that the function results fitted the experimental data perfectly, which means
this viscosity function can predict the viscosity of various STFs’ under different
temperature conditions.

3.5

CONCLUSION

Shear thickening fluids containing 20%, 22%, 24%, and 26% weight fractions of
fumed silica in ethylene glycol were synthesized and their viscosities at different
temperatures were measured by a rheometer. The results showed that at higher
temperatures, STFs have lower viscosities, bigger critical shear rates, and lower
shear thickening effects.

A comprehensive viscosity function of shear thickening fluid was also proposed
based on Galindo-Rosales’s study; this function has a continuous derivative so it is a
convenient model to use in numerical simulations and curve-fitting procedures. Not
only can it represent the three characteristic regions in the typical viscosity versus
shear rate curves associated with shear thickening fluid, it can also represent the
viscosity of shear thickening fluid at varying temperatures and with different
concentrations of fumed silica. A comparison of the function and experimental
results showed that this function can perfectly calculate the viscosity of a certain STF
under a certain temperature, a result that will benefit the prediction and modelling
work of potential STF applications.
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CHAPTER 4
SHEAR THICKENING FLUID BASED ELECTROLYTE
FOR ENHANCING BATTERY PERFORMANCE

4.1

INTRODUCTION

In this chapter, the shear thickening property is introduced into a commercial
electrolyte; fumed silica is used to increase an electrolyte’s conductivity and its
mechanical protection; and a crush experiment is conducted to show how a shear
thickening electrolyte enhances the mechanical properties of battery cells.

4.2

SYNTHESIS

AND

PROPERTIES

OF

SHEAR

THICKENING ELECTROLYTE
The synthesis, mechanical properties, electrochemical properties, and stability of a
shear thickening electrolyte is presented in this section.

4.2.1

Synthesis of Shear Thickening Electrolyte and battery cell

A series of compositions of a commercial liquid electrolyte (1M LiPF6 in EC/DMC
(1:1)) were used as a base matrix and mixed with different weight fractions of fumed
silica nanoparticles. The fumed silica was S5505 (Sigma-Aldrich) which was
introduced in Chapter 3. The fumed silica particles were dried in a vacuum oven at
120 °C for 24 hours before being dispersed to electrolyte. The fumed silica primary
particles were irreversibly fused into large aggregates that cannot be disrupted by
shear (Ding et al., 2013).

The composite electrolytes were synthesized by mixing different weight ratios of
fumed silica particles (S5505, Sigma-Aldrich), in a commercial electrolyte consisting
of ethylene carbonate/dimethyl carbonate (EC/DMC) (volume ratio 1:1) with 1 M
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LiPF6 (Jiangsu Guotai) in an argon-filled glove box.

Stable suspensions of

EC/DMC/LiPF6 with 6.3 wt. % SiO2, EC/DMC/LiPF6 with 9.1 wt. % SiO2, and
EC/DMC/LiPF6 with 10.7 wt. % SiO2 were obtained and then kept in the glove box
until ready for use. The suspensions were transparent and showed no visual evidence
of phase separation, precipitation, or increases in turbidity over long periods of time.
Such a phenomenon has also been observed by other groups (Raghavan et al., 2000).

Atomic force microscopy (AFM) was used to image the mica surfaces which had
been coated with S5505 fumed silica nanoparticles (see Figure 4.1). AFM samples
were prepared by drop-casting fumed silica onto the mica surface. AFM images were
obtained on a MultiMode® 8 (Bruker). An analysis of the AFM images was
performed using Nanoscope software. AFM image shows branched aggregates of
fumed silica in electrolyte, which is consistent with those described in Chapter 3.

Figure 4.1 AFM images of S5505 fumed silica’s dispersion in electrolyte
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The cell performance was tested galvanostatically at different current densities at
room temperature using coin-type half cells (2032 type). The cells were assembled in
an argon-filled glove box, in which commercial LiFePO4 and graphite electrodes
(MIT Corporation), and homemade LiCoO2 electrodes were utilised as working
electrodes, respectively; Li metal was used as the counter electrode; microporous
polyethylene (Celgard 2500) was used as the separator; and the synthesized
composite solutions (the bare EC/DMC/LiPF6, EC/DMC/LiPF6 with 6.3 wt. % SiO2,
EC/DMC/LiPF6 with 9.1 wt. % SiO2, and EC/DMC/LiPF6 with 10.7 wt. % SiO2)
were used as electrolytes, respectively. The LiCoO2 electrodes were prepared from
the active materials (LiCoO2), carbon black, and polyvinylidene fluoride binder
(PVDF, Sigma-Aldrich) at a weight ratio of 8:1:1. The coated electrodes were dried
at 100 °C for 20 hours and then roll-pressed before using. The LiCoO2 electrodes
were approximately 0.1mm thick. The cells were cycled in the voltage range of 2.23.8 V (versus Li/Li+) for LiFePO4 half cells, 3.0-4.3 V (versus Li/Li+) for LiCoO2
half cells, and 0.01-1.5 V (versus Li/Li+) for graphite half cells. The changes in the
impedance of the cells before and after impact were measured using an
electrochemistry workstation (CHI604C). Specifically, for ionic conductivity
analysis, electrochemical impedance spectra (EIS) tests of the bare electrolyte and
the electrolytes with different weight ratios of SiO2 were carried out in a two
platinum electrode conductivity cell in a glove box using an electrochemistry
workstation (CHI604C) over the frequency range from 1Hz to 0.1MHz. The ionic
conductivity of all samples was calculated from the intercept of the linear curve spike
with the real axis obtained from the impedance data.

4.2.2

Mechanical Properties of Shear Thickening Electrolyte

The rheological properties of the electrolytes were investigated using a rotating
parallel plate rheometer (MCR 301, Anton Paar, Germany). The measurements were
conducted by varying the shear rate from 1.00 to 1000 1/s under a 1 mm gap between
the measurement geometry and the base. The bare electrolyte behaves in an
approximately steady way as a Newtonian fluid with 0.004 Pa·s viscosity (see Figure
4.2). The electrolyte containing a lower amount of fumed silica (weight fraction 6.3%
silica in the commercial electrolyte) did not show any obvious shear thickening
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region, although its viscosity was much higher than the bare electrolyte. The shear
thickening phenomenon did occur, however, with a higher content of fumed silica,
for example, with a weight fraction of 9.1% silica in the commercial electrolyte;
these samples showed an obvious shear thickening regime. There was however, an
initial shear thinning regime before shear thickening, but at a critical shear rate of 3.6
1/s the viscosity of the electrolyte increased from 10.8 Pa·s to 73.8 Pa·s, although
there was a subsequent shear thinning regime at very high shear rates. Compared to
the bare electrolyte, the shear thickening was due to the fumed silica and the fumed
silica nanoparticles helped to increase the viscosity of the composite electrolyte. A
higher weight fraction of 10.7% silica in the commercial electrolyte was also tested,
and it showed similar rheological properties as the sample with a 9.1% weight
fraction. But it also showed a slightly higher viscosity as well as a higher shear
thickening effect in the shear thickening region.

Figure 4.2 Rheology graph of bare electrolyte and composite electrolytes with
6.3 wt.% SiO2, 9.1 wt.% SiO2 and 10.7 wt.% SiO2
Figure 4.3 provides possible theoretical representations of fumed silica particles at
different shear stages in Figure 4.2. At the initial state of liquid flow, the fumed silica
particles are suspended in the electrolyte. In the first shear thinning regime layered
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structures of fumed silica particles are formed. Then, in the shear thickening regime,
the fumed silica particles form hydroclusters that impede flow. This shear thickening
indicates a possible transition from a thermodynamic Brownian dominated regime to
a hydrodynamically dominated regime, where fumed silica particles form
hydroclusters that become structurally better at dissipating mechanical energy.

The rheological representation is a rapid increase in bulk viscosity at a high shear
rate (Bergström, 1998). It is also possible that the change from shear thickening to
shear thinning at very high shear rates is naturally due to a limiting mechanical
modulus of the hydroclusters of fumed silica nanoparticles, namely the
elastohydrodynamic lubrication limit of shear thickening (Mewis and Wagner, 2012).
So, in the highest shear rate range, the hydrodynamicity dominates and pushes all the
hydroclusters along with the flow, resulting in a decrease in the viscosity.
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Figure 4.3 Distributions of fumed silica particles in the liquid electrolyte at
different status in the Figure 4.2

58

CHAPTER 4 SHEAR THICKENING ELECTROLYTE

4.2.3

Electrochemical Properties of Shear Thickening Electrolyte

The ionic conductivities of the composite electrolytes are shown in Figure 4.4.

Figure 4.4 Room temperature variation of ionic conductivity of composite
electrolytes (SiO2/LiPF6 in EC/DMC) versus weight fraction (ω) of fumed silica.
Inset: Ionic conductivity of composite electrolyte with 9.1 wt. % SiO2 after
impact tests.

The performance of commercial electrolyte with fumed silica (1 M LiPF6 in
EC/DMC) highlights a significant variation in the effective overall ionic conductivity
with the fumed silica weight fraction (ω). The composite conductivity exhibits
typical percolation behaviour, which was expected for a composite with enhanced
interfacial conductivity (Bunde & Dieterich, 2000), i.e., low conductivity at low
oxide content which increases to a marked maximum before decreasing at higher
weight fractions. Similar phenomena have been reported by Maier’s group
(Bhattacharyya et al., 2004; Jarosik et al., 2011). The enhanced conductivity
generated by the addition of fumed silica is probably attributable to an adsorption of
the anion (PF6) by the acidic oxide and the subsequent break-up of the ion pair,
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thereby increasing the concentration of Li+ in the space charge layer surrounding the
oxide particles. At a lower fumed silica fraction, the composite exhibits colloidal
behaviour, with double layer repulsion reducing percolation that results in very poor
conductivity. When the particles are forced into a narrow spacing, the interfacial
conductivity is percolative (Bhattacharyya et al., 2004). At very high weight fractions,
the fumed silica particles could be in direct contact, thereby introducing porosity
effects that eventually block the pathways with “dry” oxide particles. A maximum
enhancement of conductivity for 1 M LiPF6 in EC/DMC (1:1) occurred for the STF
fluid with 10.7 wt. % silica, with a value of σ = 1.93 × 10-2 S cm-1, which was much
higher than commercial electrolyte without the addition of fumed silica (σ = 2 × 10-3
S cm-1). The inset to Figure 4.4 shows that the excellent conductivity of the STF
composite electrolyte was reversible after the impact tests. For example, the
conductivity of the STF electrolyte with 9.1 wt. % silica was stable at 4.5 × 10-3 S
cm-1 after 5 continuous impact tests with crush (impact) energy of 0.568 J.

In order to determine whether the electrolyte with shear thickening fluid (STF)
would continue to function in a lithium ion battery, 2032 type coin cells using both
commercially available cathodes (LiFePO4 or LiCoO2) and anode (graphite) as the
working electrodes, Li foil as the counter electrode, and the STF as the electrolyte
were assembled in an argon-filled glove box. The rate capabilities of LiFePO4 half
cells using the commercial electrolyte (1 M LiPF6 in EC/DMC) with or without
fumed silica (9.1 wt. % silica) were compared (Figure 4.5).
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Figure 4.5 Comparison of rate performance of LiFePO4 electrode in STF
electrolyte (SiO2 weight fraction 9.1 %) with that in normal 1 M LiPF6 in
EC/DMC electrolyte at different current rates. The cells were cycled in the
voltage range of 2.2-3.8 V.

At lower current rates, e.g. 0.1 C, both cells displayed a similar capacity, but when
the current rate was more than 0.2 C, the rate capability of cells using the STF
electrolyte was better than the cells with neat commercial electrolyte. This again
showed that the fumed silica nanoparticles facilitated lithium ion transport in the
electrolyte, which agreed with the ionic conductivity results. The discharge capacity
of cells using the commercial electrolyte was 145 mAh g-1 at 0.1 C, but it decreased
to 134 mAh g-1 at 0.5 C, 120 mAh g-1 at 2 C, and 102 mAh g-1 at 5 C. In contrast, the
cells using the STF electrolyte maintained 140 mAh g-1 at 0.5 C, 124 mAh g-1 at 2 C,
and 110 mAh g-1 at 5 C, showing that the STF electrolyte enhanced the rate
capability of the LiFePO4 cells. A significant enhancement by the STF electrolyte on
the rate performance of graphite half cells was also observed (Figure 4.6).
Furthermore, the charge/discharge cycling performance of cells using the two
electrolytes were also compared (Figure 4.6, inset).
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Figure 4.6 Rate performance of graphite electrode with STF electrolyte (SiO2
weight fraction is 9.1 %) or normal 1 M LiPF6 in EC/DMC electrolyte at
different current rates. Inset in Figure 4.6 compares the cycling performance of
graphite electrode in normal electrolyte and in STF electrolyte. Both cells show
excellent cycling stability, while the electrode in STF electrolyte exhibited a slightly
higher capacity.

The cell using the STF electrolyte showed a slightly higher reversible capacity,
although the cells with both electrolytes (with/without silica particles) exhibited
excellent cycling performance. There were no apparent changes (see Figure 4.7)
between the Nyquist plots of the cell using the STF electrolyte before and after
impact testing, which indicated that the STF electrolyte was reversible if given
enough relaxation time after impact.
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Figure 4.7 Electrochemical impedance spectra (EIS) of graphite electrode in
STF electrolyte before and after impact test.

The cell using the STF electrolyte maintained its electrochemical capacity after a
series of impact tests (Figure 4.8). Note that an impact was applied at the end of the
47th charge-discharge cycle, but only in the 48th cycle (the following cycle after
impact) did the capacity decrease slightly, probably due to a shear thickening
response of the electrolyte under impact that generated increased viscosity and lower
conductivity. After the external impact was removed, the electrolyte gradually
returned to its pre-impact state, as shown by the stable cell performance in the post
impact cycles. The charge/discharge curves of the cell in the 47th cycle (the last cycle
before the impact test) and the 48th cycle (the first cycle after the impact test) are
both shown (Figure 4.8, insets). The partial discharge curve during the impact test
with a crush energy of 0.284 J is also shown in Figure 4.9. It can be seen that the cell
was still working effectively after the impact test.
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Figure 4.8 Cycling performance of graphite anode in STF electrolyte. Impact
with energy of 0.284 J was applied to the testing cell at the end of the 47th cycle.

Figure 4.9 Partial discharge curve of the graphite electrode in STF electrolyte.
Impact energy of 0.284 J was applied to the cell at around 0.9 V, and the cell
was still working after the impact test.
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4.2.4

Stability of Shear Thickening Electrolyte

Fumed silica S5505 was selected because it had been used to form stable dispersions
and facilitate STFs in previous research (Benitez et al., 1971). The dispersion
stability of fumed silica in organic media has been investigated extensively
(Raghavan et al., 2000) and their unusual stability has been explored for several
decades (Atkins & Ninham, 1997). In order to keep the particles dispersed in a
medium, the forces between particles must be taken into account. Dispersed
nanoparticles frequently undergo collisions due to Brownian motion, but whether or
not the particles will separate after colliding depends on the sum of attractive and
repulsive forces acting between the particles. There are several typical forces
governing nanoparticle stability, such as van der Waals forces, electrostatic
interactions, solvation forces, and osmotic and entropic interactions related to
molecular adsorption (Russel, 1987; Russel et al., 1989).

Figure 4.10 Rheological properties of the newly synthesized electrolyte with
fumed silica and the electrolyte after aging (14 days after it was synthesized).
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Dispersions of hydrophilic fumed silica in a range of organic media and the
formation of stable sols through strong hydrogen bonding have been reported. Fumed
silica forms stable, low-viscosity sols exhibiting shear thickening behaviour in a host
of liquids (Raghavan et al., 2000). In my system, the solvent (EC/DMC) was
believed to form a hydrogen bond with the silanols on the fumed silica surface which
resulted in the formation of a solvation layer around each particle. This leads to
repulsive solvation force, which stabilise the particles of fumed silica so the system
behaves like a stable fumed silica sol. In addition, both rheological testing and visual
observations provided further evidence of system stability at room temperature
(Figure 4.10). Although all the experiments were conducted at room temperature in
our system, the temperature could also play an important role in fumed silica
dispersions and stability. For instance, the temperature worked as an optional and
simple way to tailor the viscoelastic properties and to control the microstructure of
fumed silica dispersions (Sanchez, 2006; Wu et al., 2012).

4.3

IMPACT EXPERIMENTAL SETUP AND RESULT

In this section the experimental setup and experimental results will be presented.

4.3.1

Experimental Setup

The effect of the shear thickening fluids on the mechanical integrity of the battery
was also tested via specifically designed safety tests using lithium cells containing
STF or commercial LiPF6 in EC/DMC (1:1) as electrolytes that mimicked crushing
conditions; this was to test the mechanical protection feature of the STF. Coin type
cells (2032 type) were also used for the impact tests. Then LiFePO4 electrodes,
LiCoO2 electrodes, and graphite electrodes were assembled into the three types of
half cells in an argon-filled glove box along with the following electrolytes: bare
EC/DMC/LiPF6, EC/DMC/LiPF6 with 6.3 wt. % SiO2, EC/DMC/LiPF6 with 9.1 wt. %
SiO2, and EC/DMC/LiPF6 with 10.7wt. % SiO2. After assembling the cells they were
taken out of the glove box and then placed in an oven 40 °C oven for 4 hours to
allow the electrolytes to soak y into the separator and electrodes. Impact tests were
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then carried out using a slide way device (see Figure 4.11) that allowed a stainless
steel truncated cone (140 g) to slide from a certain height to impact the battery cells
(Figure 4.12) while they were discharged. A NEWARE battery tester was used to
collect the discharge curves, and a force sensor was used to measure the impact force.

Figure 4.11 Schematic diagram of slide way device for impact testing.
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Figure 4.12 Impact energy versus height.
4.3.2

Experimental Result

Figure 4.13 illustrates the crush test for those cells with a LiFePO4 electrode using
bare commercial electrolyte and composite electrolyte without any STF effect
(showing a shear thinning effect); the cells were crushed and short circuited at the
low impact energy of 0.426 J. The STF electrolyte provided intrinsic protection to
the cell, and tolerated an impact energy as high as 0.568 J, while the cells with the
bare or composite electrolyte without shear thickening (see Figure 4.14 and 4.16)
were short-circuited at a low impact energy of 0.426 J.
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Figure 4.13 Discharge curve of LiFePO4 electrode in the STF electrolyte of
EC/DMC/LiPF6 with 9.1 wt. % SiO2.

Figure 4.14 Discharge curve of LiFePO4 electrode in the STF electrolyte of
EC/DMC/LiPF6 with 6.3 wt. % SiO2.
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Figure 4.15 Discharge curve of LiFePO4 electrode in the bare electrolyte of
EC/DMC/LiPF6

The electrolyte with 6.3 wt. % silica particles, which did not show the shear
thickening effect (as demonstrated in Figure 4.2), could not offer improved
protection and therefore, any possibility of using fumed silica particles as an inhibitor
(separator) to prevent a short circuit from the electrodes that were crushed into
contact can be excluded. In contrast, the cells using STF electrolyte tolerated an
impact energy of up to 0.568 J, which was more energy than normal electrolytic cells
can safely tolerate. Similar effects were also observed for the graphite cells, seen in
Figure 4.16, and the LiCoO2 cells seen in Figure 4.17, suggesting that the use of STF
electrolyte could improve the performance and safety of batteries.

In order to

confirm the effects of the shear thickening properties on the mechanical properties of
the batteries, similar impact tests were conducted using a different cell configuration.
The repeatable findings are shown in Figures 4.16, 4.17, and 4.18, and further
confirmed that the cells using STF electrolyte tolerated a higher impact energy.
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Figure 4.16 Discharge curves of graphite electrodes in different electrolytes
during impact tests: (a, b) bare EC/DMC/LiPF6 electrolyte; (c, d) composite
electrolyte of EC/DMC/LiPF6 with 6.3 wt. % SiO2 (shows shear thinning); (e, f) STF
electrolyte of EC/DMC/LiPF6 with 9.1 wt. % SiO2 (shows shear thickening).
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Figure 4.17 Discharge curves of LiCoO2 electrodes in different electrolytes
during impact tests: (a, b) bare EC/DMC/LiPF6 electrolyte; (c, d) composite
electrolyte of EC/DMC/LiPF6 with 6.3 wt. % SiO2 (shows shear thinning); (e, f)
STF electrolyte of EC/DMC/LiPF6 with 9.1 wt. % SiO2 (shows shear thickening); (g,
h) STF electrolyte of EC/DMC/LiPF6 with 10.7 wt. % SiO2 (shows shear
thickening).
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Figure 4.18 Discharge curves of LiFePO4 electrodes in different electrolytes
during impact tests: (a) bare EC/DMC/LiPF6 electrolyte; (b) composite electrolyte
of EC/DMC/LiPF6 with 6.3 wt. % SiO2 (shows shear thinning); (c) STF electrolyte of
EC/DMC/LiPF6 with 9.1 wt. % SiO2 (shows shear thickening); (d) STF electrolyte of
EC/DMC/ LiPF6 with 10.7 wt. % SiO2 (shows shear thickening).
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4.4

DISCUSSION

The schematic diagram in Figure 4.19 describes the possible changes in the
electrolytes with or without any influence from the shear thickening property when
an impact is applied.
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Figure 4.19 Schematic representation of the protective mechanism of STF
electrolyte.
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Figure 4.19a shows the condition of the electrolyte before impact, where the particles
repelled each other slightly and the fumed silica ceramic particles enhanced ionic
conductivity. The low viscosity colloidal suspension acts as a lubricant for the
particles, which makes them disperse ‘uniformly’ throughout the liquid without
clumping together or settling to the bottom. When an impact force was applied to the
electrolyte, as shown in Figure 4.19(b), it overcame the repulsive inter-particle
forces to promote ceramic particle clustering (or an impact-jammed solid) (Cheng et
al., 2011; Waitukaitis & Jaeger, 2012) within the electrolyte. This caused the
electrolyte to adopt a solid-like state and it became harder to penetrate. The
concentrated fumed silica filled electrolyte showed a typical shear thickening
performance as well as the formation of hydrodynamic clusters of fumed silica
particles and an associated increase in the suspension viscosity. Note that the shear
stress is a product of the viscosity and the shear rate; and a product of the shear stress
and the shear rate represents the capacity for mechanical power dissipation.
According to Hooke’s model the increased viscosity would slow the energy
dissipation due to the elementary work of the restoring force. In other words, the
increased viscosity in the electrolytes with a significant shear thickening property has
produced a slower conversion of the work done by the restoring force into heat
compared to the electrolytes without fumed silica particles. Although the increased
viscosity may have increased the transfer of energy from the work of the resistant
force to heat, compared to the work of the restoring force, it would be small. The
overall effect of this phenomenon is the effective enhancement of the rigidity of the
cell, along with a slow increase in the temperature of the electrolyte after impact.
When the energy from the impact dissipates (Figure 4.19(c)), the particles repel each
another again, and the hydroclusters fall apart, so that the pseudo-solid substance
reverts back to its original liquid status. Conversely, upon impact, the battery system
without a shear thickening effect easily experienced a large deformation and a rapid
increase in temperature during the impact that could have ignited the solvents.

The fluids were field responsive and could undergo a sudden fluid-solid transition
within a certain range of shear rates. At a critical shear rate the fluid experienced a
microstructural reorganisation and clustered particles formed which enhanced the
mechanical properties of the fluid, however, the impact resistance of STF depends on
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its fluid shear thickening properties and its particle strength. At higher velocities, the
impact resistance of STF was governed by the strength of the particles (Petel et al.,
2013), but when the impact rate was beyond a critical rate, the dynamic strength of
the particles was overcome and local particle fracture and deformation would
therefore result in a loss of strength in the stiffened fluid. At this stage the material
response was dominated simply by its bulk density. This feature of STF has been
reported when used to resist ballistic impacts and punctures. The previous results
demonstrated a significant enhancement in ballistic penetration and different
puncture resistance (such as under spike and stab) due to additional shear thickening
of the fluid (Srivastava et al., 2012), and also a loss of ballistic resistance at high
impact velocities (Lee & Kim, 2012). The variations in the strengths of STFs at high
strain rates and stresses were also investigated (Lee et al., 2003). Our results are
consistent with those studies and indicated that the STF electrolyte under the
investigated shear rates developed an excellent resistance to crushing, which could
significantly improve mechanical safety. We were also aware of the limitation of
STFs in terms of their impact resistance, but we still believed that with a careful
selection of suspended particles, electrolytes, and other parameters of particles and
electrolytes, such as concentration, size, distribution, shape and interaction of
particles, and viscosity of electrolytes, the resistance range can be controlled, and
therefore, the STF would increase the safety of the electrolyte under certain
conditions. The information reported here indicates that electrolytes based on STFs
improved the functional capacity of batteries. This multifunctional role of
electrolytes could be extended to other electrolytic cells, capacitors, or fuel cells,
where the electrolyte not only serves as the medium for charge transfer, but also
provides protection from crash impacts. Batteries with these characteristics will
revolutionise vehicular transportation and military energy requirements. The use of
STF electrolytes will eliminate the need to include extra weight or volume to achieve
protection, and therefore, fewer trade-offs will be needed to optimise energy density
and simple manufacturing. This concept is also under evaluation in other electrolyte
systems such as polymers, gels, and ionic liquids.

4.5

CONCLUSION
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In this chapter the shear thickening phenomenon was introduced by adding fumed
silica particles to commercial electrolyte. Its rheological properties were measured
with a rheometer, with the result that electrolytes with 9.1 wt.% and 10.7 wt.%
fumed silica showed shear thickening effect, but the bare electrolyte and the
electrolyte with 6.3 wt.% fumed silica did not experience shear thickening. The
conductivity measurements showed that the ionic conductivity of the shear
thickening electrolyte had increased with the addition of fumed silica. An impact
experiment was then conducted to test the tolerant energy of the batteries with bare
electrolyte and the electrolyte with fumed silica. The results revealed that the
batteries with shear thickening electrolyte can offer extra mechanical protection
compared to those with bare electrolyte or shear thinning electrolyte.
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CHAPTER 5
MAGNETORHEOLOGICAL SHEAR THICKENING
FLUIDS AND THEIR APPLICATIONS

5.1

INTRODUCTION

In this chapter the shear thickening fluid (STF) will be combined with
magnetorheological fluid (MRF) to form magnetorheological shear thickening fluid
(MRSTF). They will show both shear thickening and magnetorheological effects.
With their unique properties, a damper with MRSTF will be a good solution for
multifunctional purposes.

The structure of this chapter is: the fabrication and rheological properties of MRSTF,
damper design and testing, modelling the damper behaviour, analysis and conclusion.

5.2

FABRICATION AND PROPERTIES OF MRSTF

5.2.1

Fabrication of MRSTF

A kind of shear thickening fluid (STF) was fabricated to serve as the base for the
tested fluid medium. This STF consisted of an ethylene glycol solvent
(HOCH2CH2OH) (type 102466, ReagentPlus®, Sigma-Aldrich Pty. LTD) in which
14nm fumed silica (type S5505, Sigma-Aldrich Pty. LTD) particles were suspended
at a weight fraction of 25% in the entire fluid body. Micron sized high purity
carbonyl iron particles (type C3518, Sigma-Aldrich Pty. LTD), at a 5%, 10%, 20%
and 30% weight fractions, were immersed into the STF and thoroughly mixed under
a high shear condition to introduce the ability to produce a Magnetorheological effect.
A vacuum chamber was used to remove the air bubbles in the mixture and then the
MRSTFs were ready to be tested (Zhang et al., 2008a; Laun et al., 1991).
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The concentration of the MRSTF samples are summarised in Table 5.1.

Table 5.1 Compositions of all MRSTF samples
Fumed silica
(g)

Ethylene glycol
(g)

Weight fraction of
iron (wt.%)

30

Iron particles
(g)
0

MRSTF_0

10

MRSTF_5

10

30

2.105

5%

MRSTF_10

10

30

4.444

10%

MRSTF_20

10

30

10.000

20%

MRSTF_30

10

30

17.143

30%

5.2.2

0%

Properties of MRSTF

The rotational parallel-plates Rheometer (MCR 301, Anton Paar Companies,
Germany) with a conical measuring system (PP20, 20 mm plate, Anton Paar
Companies, Germany) and a temperature control Device (Viscotherm VT2, Anton
Paar Companies, Germany) were again used to measure the MRSTFs’ rheological
properties. The temperature was set at 25 ºC which is a common room temperature.
Both the steady state and dynamic properties of the MRSTF samples were measured
and the measuring gap was set at 1 mm.

5.2.2.1 Magnetic flied sweep test

The magnetic field sweep test measures the relationship between the magnetic field
and viscosity, as if there was a saturation or threshold for the increase in viscosity.

In this test the MRSTF samples were measured under constant dynamic oscillation
by 1% strain amplitude and 1 Hz frequency, and the magnetic field applied to the
samples was varied from 0 to 660 milliTesla (mT). The following figures show the
curves of complex viscosity versus magnetic field for the MRSTF samples. Since
there were no carbonyl iron particles in MRSTF_0, this sample was not measured.
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Figure 5.1 Complex viscosity as a function of magnetic field of MRSTF samples
under various magnetic fields: (a) MRSTF_5; (b) MRSTF_10; (c) MRSTF_20;
(d) MRSTF_30

It is clear there were increasing trends in the complex viscosity of all four MRSTF
samples as the magnetic field increased, indicating that all four MRSTF samples had
an obvious MR effect.

It was also noted that there is a threshold magnetic field value for all the MRSTF
samples of around 10 mT, after which their complex viscosity values began to
increase as a function of the magnetic field applied. This means that their viscosity
does not change if the magnetic field is not strong enough, but when the magnetic
field was above the threshold value, their viscosity increased rapidly as the magnetic
field increased.

Another important point in these figures is the relatively obvious saturation
ofMRSTF_20 and MRSTF_30 because they both have high concentrations of iron
and saturation occurred at around 400 mT. The saturation of MRSTF_10 was not as
obvious as MRSTF 20 or MRSTF_30, but 400 mT was still a critical value for the
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increase in the complex viscosity. Because of the low iron concentration, the
saturation of MRSTF_5 was higher than the samples with higher iron concentration,
so for a unified measurement, the magnetic fields for the following tests will be 0, 22,
66, 110, and 220 mT.

5.2.2.2 Steady state

In the steady state test all the MRSTF samples were rotated isothermally by varying
the shear rate from 0.1 to 1000 1/s under different magnetic fields (0, 22, 66, 110 and
220 mT) at 25 °C. Figure 5.2 show the viscosity of the MRSTF samples as a function
of the shear rate.
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Figure 5.2 Viscosity as a function of shear rate of MRSTF samples under
various magnetic fields: (a) MRSTF_0; (b) MRSTF_5; (c) MRSTF_10; (d)
MRSTF_20; (e) MRSTF_30
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In Figure 5.2a, MRSTF_0 was a pure shear thickening fluid so a magnetic field was
not applied. It still shows a clear shear thickening effect. At low shear rate, the
viscosity gradually decreased to 3.447 Pa·s and then the viscosity increased
dramatically when the shear rate was above a critical value (9.55 1/s), until it reached
the peak viscosity of 229.3 Pa·s. After the shear thickening region, the viscosity
decreased again.

The other MRSTF samples also showed a shear thickening effect when the magnetic
field was not more than 220 mT, but under a higher magnetic field they showed a
lower shear thickening effect, especially the MRSTF with high concentration of iron.
For example, since MRSTF_5 had a low iron concentration with only 5% weight
fraction, it showed a clear shear thickening effect under all magnetic fields, but
MRSTF_30 with 30% iron concentration showed no shear thickening under a 220
mT magnetic field, which only showed shear thinning and behaved like an MRF.
This means that increasing the concentration of iron can affect MRSTFs’ shear
thickening effect when a high magnetic field is applied.

This can be explained from several aspects: first, carbonyl iron particles block the
movement of fumed silica so it was difficult for the fumed silica to form
hydroclusters to increase the fluid’s viscosity. Second, the higher concentration of
iron particles in the medium resulted in a lower concentration of fumed silica which
also led to a weaker shear thickening effect, so iron particles also helped to increase
the initial viscosity of the MRSTF sample. This higher viscosity at a low shear rate
range made the increase in viscosity barely noticeable, unlike at the onset of shear
thickening.

To further prove how iron particles affected shear thickening, the following figures
compared the MRSTF samples under the same magnetic field.
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Figure 5.3 Viscosity as a function of shear rate of MRSTF samples under
various magnetic fields: (a) 0 mT; (b) 22 mT; (c) 66 mT; (d) 110 mT; (e) 220 mT

Figure 5.3 show a comparison of the MRSTF sample under different magnetic fields;
when a magnetic field was not applied, MRSTF_0 showed the best shear thickening
effect, and the highest viscosity curve when the shear rate was more than 10 1/s. This
meant that the iron particles in MRSTF diminished the shear thickening effect as
they occupied space in the suspension and blocked the movement of fumed silica
particles to form hydroclusters when the shear rate reached a critical value. But the
initial viscosities of MRSTF_20 and MRSTF_30 were higher than f MRSTF_0, as
Figure 5.3a shows, because these two samples had a high concentration of iron so the
MR effects were stronger. This resulted in the initial viscosities of these two samples
being higher at a low shear rate. Figure 5.3e shows that MRSTF_30 was the only
sample without a shear thickening effect under the strongest magnetic field of 220
mT because this sample had the highest concentration of iron.

Under each magnetic field, MRSTF_30 had the highest viscosity value of those four
samples with iron particles, which means the iron particles also helped to increase
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the MRSTF’s viscosity; this was similar to the MRF samples whose viscosity
increased by increasing the concentration of iron. This means the iron particles in
MRSTFs have two functions: when iron particles were introduced to MRSTF they
blocked the movement of fumed silica caused the viscosity to decrease, whereas the
MRSTF with more iron particles also showed a higher viscosity.

5.2.2.3 Strain amplitude sweep test

In the strain amplitude sweep test, the storage and loss moduli and the complex
viscosity were tested by varying the strain amplitude oscillation from 0.01% to 100%
at different magnetic fields. The intensities of the magnetic field used in this test
were still 0, 22, 66, 110, and 220 mT. Figure 5.4 shows how the complex viscosity
changed under various magnetic fields and the strain amplitude sweep.
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Figure 5.4 Complex Viscosity of MRSTF samples as a function of strain under
various magnetic fields: (a) MRSTF_0; (b) MRSTF_5; (c) MRSTF_10; (d)
MRSTF_20; (e) MRSTF_30
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Figure 5.4 shows that the overall trend of each MRSTF having a complex viscosity
decreased within a certain range of strain amplitudes, but then it began to increase
when the strain amplitude reached a critical value, which was very similar to the
results of the steady state test. Those MRSTFs with iron particles also showed a clear
MR effect when a magnetic field was applied to the samples.

Storage and loss moduli were also very important in the strain amplitude sweep tests,
and they are summarised in Figures 5.5 and 5.6.
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Figure 5.5 Storage modulus of MRSTF samples as a function of strain
amplitude under various magnetic fields: (a) MRSTF_0; (b) MRSTF_5; (c)
MRSTF_10; (d) MRSTF_20; (e) MRSTF_30
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The storage modulus of each sample shows a higher value under a stronger magnetic
field, which is a further evidence of the MR effect.

The overall trend for the storage modulus was to level off at low strain amplitude and
then decrease with strain amplitude when the strain amplitude was over a certain
value, but within this value the MRSTF sample behaved linearly so it can be used as
a parameter to determine whether the MRSTF samples were in a linear range. The
samples with a lower concentration of iron had a relative larger linear range, while a
higher magnetic field also resulted in the MRSTF samples having a smaller linear
range. This phenomenon was also similar to MRFs.
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Figure 5.6 Loss modulus of MRSTF samples as a function of strain amplitude
under various magnetic fields: (a) MRSTF_0; (b) MRSTF_5; (c) MRSTF_10; (d)
MRSTF_20; (e) MRSTF_30
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The curves of the loss modulus of MRSTFs were similar due to their complex
viscosity values. Again, MRSTFs have higher loss modulus values when the applied
magnetic field increased. For each curve of loss modulus under a certain magnetic
field, the loss modulus increased within a small train range and then decreased with
the strain amplitude. When the strain amplitude was over the critical value, the loss
modulus increased dramatically due to the shear thickening effect. But when a strong
magnetic field was applied to the samples having a high concentration of iron, their
loss modulus lost the shear thickening effect and only showed shear thinning, which
was the same as MRFs. For example, when a 220 mT magnetic field was applied to
MRSTF_30, the sample only showed a levelling off followed by a shear thinning
region.

5.2.2.4 Angular frequency sweep test

In this test the strain amplitude was set at 1% and the angular frequency was varied
from 1 to 100 rad/s at magnetic fields ranging from 0, 22, 66, 110, and 220 mT.
Figure 5.7 shows the complex viscosity curves of the MRSTF samples in the angular
frequency sweep test.
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Figure 5.7 Complex viscosity of MRSTF samples as a function of angular
frequency under various magnetic fields: (a) MRSTF_0; (b) MRSTF_5; (c)
MRSTF_10; (d) MRSTF_20; (e) MRSTF_30

Figure 5.7a shows that the viscosity of MRSTF_0 reached a plateau in the low
frequency range and then increased as the angular frequency increased. This means
the angular frequency is another factor that will trigger the onset of shear thickening.

The curves of MRSTF_5 and MRSTF_10 were very close except for having different
amplitudes. Under each magnetic field, the complex viscosity shows a shear
thickening effect, but when the magnetic field was within 66 mT, the shear
thickening effect is obvious. However, when high magnetic fields (110 and 220 mT)
were applied to these two samples, the shear thickening effect became weak. This
trend was more obvious for MRSTF_20 and MRSTF_30 because they had higher
concentrations of iron.

When the applied magnetic field reached 110 mT for

MRSTF_20, its viscosity behaved like shear thinning, whereas this critical magnetic
field for MRSTF_30 was only 66 mT. So either a higher concentration of iron or a
stronger magnetic field can contribute to a lower shear thickening effect of MRSTFs.
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This again proved that the iron particles inside the MRSTF diminished the shear
thickening fluid by stopping the fumed silica from forming hydroclusters.

It was also clear that the magnetic field played an important role in controlling the
viscosity level of MRSTFs because under a stronger magnetic field, the MRSTFs had
higher viscosity values. This coincided with the previous test results were the
MRSTFs had a clear MR effect.

Storage and loss moduli were also important in the angular frequency sweep test, and
they are summarised in the following figures.
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Figure 5.8 Storage modulus of MRSTF samples as a function of angular
frequency under various magnetic fields: (a) MRSTF_0; (b) MRSTF_5; (c)
MRSTF_10; (d) MRSTF_20; (e) MRSTF_30
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Figure 5.9 Loss modulus of MRSTF samples as a function of angular frequency
under various magnetic fields: (a) MRSTF_0; (b) MRSTF_5; (c) MRSTF_10; (d)
MRSTF_20; (e) MRSTF_30

The figures above indicate that, apart from a clear MR effect, in the log-log curves
the storage and loss moduli of all MRSTF samples increased with the growth of
angular frequency under a certain magnetic field. This means that at a higher angular
frequency, the MRSTF samples had bigger storage and loss moduli. This linear
relationship between the storage and loss moduli and the angular frequency can be
seen within a small range of angular frequency, but after a critical angular frequency
value has been reached, the storage and loss moduli increased significantly. Indeed,
under a stronger magnetic field, the critical value of angular frequency where the
significant increase starts gets to a lower value. This again proves that the iron
particles in MRSTF shorten the linear ranges of MRSTF.

To compare the MRSTF samples with different iron concentration, the following
figures summarise the storage modulus MRSTF samples under different magnetic
fields.
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Figure 5.10 Storage modulus of MRSTF samples as a function of angular
frequency under various magnetic fields: (a) 0 mT; (b) 22 mT; (c) 66 mT; (d)
110 mT; (e) 220 mT

The above figures show that with a higher concentration of iron, the MRSTF sample
had a bigger storage modulus under any magnetic field condition. This also proved
that the iron particles contributed to the initial viscosities of the MRSTF samples.

5.2.2.5 Small and large amplitude oscillatory shear tests

Harmonic loadings were used in Small Amplitude Oscillatory Shear tests (SAOS)
and Large Amplitude Oscillatory Shear tests (LAOS) to obtain hysteretic loops that
show the raw value shear stress as a function of the raw value shear strain amplitude.

The hysteretic loops are not necessarily ellipses, and their shapes differ depending on
the deformation. Elliptical shaped hysteretic loops mean that the material was
measured within the linear range and the non-elliptical shape of the loops reflects the
non-linear behaviour of the material in oscillation.
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In our experimental study, harmonic loadings with strain amplitudes ranging from 1%
to 50% and a constant angular frequency at 1 rad/s were used to study the dynamic
properties of the MRSTF samples.

Figures 5.11 and 5.12 show the stress–strain relationships of the MRSTF samples at
constant strain amplitudes of 10% and 100% but at magnetic fields ranging from 0 to
220 mT.
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Figure 5.11 Small amplitude oscillatory shear test of MRSTF samples at 10%
strain amplitude under various magnetic fields: (a) MRSTF_0; (b) MRSTF_5;
(c) MRSTF_10; (d) MRSTF_20; (e) MRSTF_30
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Figure 5.11a shows that the stress-strain curve of MRSTF_0 formed a rough
elliptical shape with some saw shaped edges. This was because the sampling time in
SAOS and LAOS was not long enough to gain a steady value of MRSTF_0, which
had a low viscosity.

Except for MRSTF_0, all the hysteretic loops of stresses and strain amplitudes of the
other MRSTF samples formed nice elliptical shapes, which meant that with 10%
strain amplitude the MRSTFs behaved with linear properties. So 10% strain
amplitude was within the linear range, which is why this test was called small
amplitude oscillatory shear tests.

The area of the hysteresis loop corresponded to the dissipation energy, and moreover,
the areas of these hysteretic loops increased steadily with the increment of the
magnetic fields. These results demonstrate that the MRSTFs have controllable
mechanical properties. An increase in the stress–strain loop area with the magnetic
field indicated that the viscosity of the MRSTFs was a function of the applied
magnetic field. These experimental results showed that not only are the areas
dependent on the magnetic fields, the shapes of the elliptical loops are also different.
In particular, the slope of the main axis of the elliptical loops varied with the
magnetic field, which means that the modulus of MRSTFs also varied with the
magnetic field. Therefore, MRSTFs exhibit variable viscosity properties. This feature
was totally different from MR fluids, which mainly exhibited viscosity controllable
properties.

Referring to the amplitudes of the areas and slopes of these hysteretic loops, the
MRSTF with a higher concentration of iron has a larger area and a higher slop when
the magnetic field is set at a certain value. This again proves that the iron particles
helped to increase the MRSTFs’ viscosity and also the storage and loss moduli.

The LAOS test results of MTSTFs are shown in Figure 5.12.
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Figure 5.12 Large amplitude oscillatory shear test of MRSTF samples at 10%
strain amplitude under various magnetic fields: (a) MRSTF_0; (b) MRSTF_5;
(c) MRSTF_10; (d) MRSTF_20; (e) MRSTF_30

In the LAOS tests the MRSTFs had higher slopes and areas under a stronger
magnetic field, which still meant that the MRSTFs had an obvious MR effect under
high strain amplitude values.

However, these hysteretic loops formed shapes that were more like parallelograms
than ellipses which meant that the testing strain amplitude was outside the linear
range of the MRSTFs. Even the hysteretic loops were not perfect ellipses, so the area
of the loops still represents energy losses and it gives ground for calculating the loss
modulus G”.

5.2.3

Phenomenological model of MRSTF under SAOS

Figure 5.11 shows that most of the stress-strain plots are excellent elliptical loops
that indicate that MREs mostly behaved with linear viscoelastic properties under
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10% strain amplitude. Based on our previous study (Li et al., 2010; Zhou, 2009), a
four-parameter viscoelastic phenomenological model can be applied to describe the
character of MRSTFs within linear ranges. This four-parameter viscoelastic model is
an extension of the Kelvin-Voigt model that includes a spring in the model to
represent changes in the field dependence modulus. Figure 5.13 shows the plot of the
four parameter viscoelastic model for MRSTFs.

ε1

ε* (Input)

k2

k1
c2

σ1

σ1

σ*
(Output)

kb

Figure 5.13 Four-parameter viscoelastic model for MR elastomers

In this model k1, k2, and c2 were for a standard solid and kb was placed from
viscoelastic theory so the relationship of shear stress and shear strain can be
represented as:
𝝈∗ = 𝒌𝒃 𝜺∗ + 𝝈𝟏

(5.1)

𝝈𝟏 = 𝒌𝟏 𝜺𝟏

(5.2)

A complex stress-strain equation can be used as a representation
.

.

  k ( *  )  c ( *  )
1

2

1

2

1

(5.3)

where k1, k2 and c2 are the three parameters in the Kelvin-Voigt model respectively,
kb is the stiffness of the spring which has a parallel connection with the Kelvin-Voigt
model, and ε* and σ* are the shear strain inputs and shear stress outputs respectively.
ε1 and σ1 are the shear strain and shear stress for the internal node.
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It was suggested that the equations be simplified, so from Equation 5.1, the following
equations can be obtained:

   * k  *
1

(5.4)

b

.

.

.

   * k  *

(5.5)

b

1

From Equation 5.2 we can obtain Equations 5.6 and 5.7

  /k
1

1

.

1

(5.6)

1

(5.7)

.

  /k
1

1

By substituting Equations 5.4 and 5.5 into 5.3, the shear strain and shear stress for
the internal node can be eliminated

.

.

  k  / k  c  / k  k  * c  *
1

2

1

1

2

1

1

2

(5.8)

2

As such, all the shear strain and shear stress for the internal node can be eliminated
by substituting Equations 5.6 and 5.7 into 5.8
.
.
.
(1  k / k )( * k  *)  c ( * k  *) / k  k  * c  *
2

1

b

2

b

1

2

(5.9)

2

Similarly, Equations 5.10 can be derived by an arrangement of Equations 5.9
.
.
(1  k / k ) * c  * / k  (k  k k / k  k ) * c (1  k / k ) *
2

1

2

1

b

b

2

1

2

2

b

1

(5.10)

Because the materials behave with linear viscoelastic properties the stress-strain
relationship is given by

 *  G *  *  (G  iG ) *
1

(5.11)

2

.

.

 *  G * *

(5.12)

Hence, by substituting Equations 5.11 and 5.12 into 5.10, the items related to σ* can
be eliminated. After this arrangement, Equations 5.10 can be expressed as
.
[(1  k / k )G * k  k k / k  k ] *  (c  c k / k  c G * / k ) * (5.13)
2

1

b

b

2

1

2

2

2

b

1

2

1

Suppose the input strain ε* was harmonic, and was given by

*   e

it

(5.14)

0

.

 *  i e

i t

0

(5.15)

where ω and ε0 are the angular frequency and amplitude of the strain, respectively.
By substituting Equations 5.14 and 5.15 into 5.13, the complex modulus G* can be
expressed as
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G* 

(k  k k / k  k )  (c   c k / k )i
(1  k / k )  c i / k
b

b

2

1

2

2

2

1

2

2

b

1

(5.16)

1

Comparing Equations 5.11 and 5.16, the storage and loss modulus of MRE are given
by Equations 5.17 and 5.18, respectively
(k k  k k  k k )[(k  k )  c  ]  c  k
G 
(k  k )[(k  k )  c  ]
2

1

b

2

b

1

2

1

2

2

1

2

1

2

2

1

G 
2

2

2

2

2

2

2

2

2
1

(5.17)

2

c k
[(k  k )  c  ]
2

2

1

2

1

2

2

(5.18)

2

2

Suppose that the strain input ε is a harmonic input

 (t )   sin(t )

(5.19)

0

The steady-state response of the stress can be obtained as

 (t )   G G sin(t   )
2

0

1

2

2

(5.20)

where  is the difference in phase angle between the input and output, which can be
calculated as  =tan-1(G2/G1).

The proposed viscoelastic model includes four parameters, namely kb, k1, k2, and c2.
The model used the shear strain as an input, calculated the modulus G1 and G2
needed for the model, and then gave the shear stress as given by the Equation 5.20.
The four parameters were estimated on the basis of the least squares method to
minimise any errors between the model-predicted stress of Sm and the experimental
result of Se. The error in the model is represented by the objective function J given
by

J   ( Sm  Se )
N

i

i

2

(5.21)

i 1

where N is the experimental number of one loop. Sm is the shear stress value as
predicted by Equation 5.20. This optimisation was done with the Excel solver
function.

Different groups of four parameters can be identified for each experimental case.
Table 5.2 shows these four parameters kb, k1, k2, and c2 for different shear strain
inputs and current inputs.
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Table 5.2 Identified parameters

B (mT)

kb (kPa)

k1 (kPa)

k2 (kPa)

c2 (kPa s)

0

3.7

200

0.1

8

(a) MRSTF_0

B (mT)

kb (kPa)

k1 (kPa)

k2 (kPa)

c2 (kPa s)

0

2

100

0.1

1.5

22

20

120

0.1

14

66

98

170

0.1

68

110

200

400

0.1

145

220

300

800

0.1

250

(b) MRSTF_5

B (mT)

kb (kPa)

k1 (kPa)

k2 (kPa)

c2 (kPa s)

0

3.6

200

0.1

3.9

22

46

300

0.1

36

66

340

800

0.1

180

110

620

1000

0.1

400

220

1390

4351

0.1

800

(c) MRSTF_10

B (mT)

kb (kPa)

k1 (kPa)

k2 (kPa)

c2 (kPa s)

0

20

600

0.1

23

22

200

800

0.1

170

66

900

1200

0.1

800

110

1600

1500

0.1

1200

220

4300

7600

0.1

2200

(d) MRSTF_20
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B (mT)

kb (kPa)

k1 (kPa)

k2 (kPa)

c2 (kPa s)

0

24

400

0.1

34

22

200

800

0.1

380

66

1540

2000

0.1

1180

110

2800

3800

0.1

2200

220

7390

9351

0.1

5400

(e) MRSTF_30

From Table 5.2, it was noted that k2 was a constant small value as 0.1 and the other
three parameters kb, k1, c2 increased steadily with an increase in the current. Also, the
concentration of iron particles in MRSTF also contributed to the parameters of this
model.

Using the parameters estimated from the system identification process, the stress
versus strain was reconstructed and compared with the experimental data curve.
Figures 5.14 show the reconstructed stress versus strain loops compared with the
practical experimental curves. It can be seen from the plots that the model can
simulate the experimental data very well.
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Figure 5.14 Comparisons between experimental data with model-predicted
results with 10% strain: (a) MRSTF_0; (b) MRSTF_5; (c) MRSTF_10; (d)
MRSTF_20; (e) MRSTF_30

5.3

DEVELOPMENT OF A LINEAR MRSTF DAMPER

5.3.1

Structure design

This MRSTF filled damper consisted of a coil to generate a magnetic field, MRSTF
reservoirs to store MRSTF, O-ring for sealing, tube, piston rod, piston head, bypass
and magnetic flux circle. The schematic structure of this previously used damper is
shown in Figure 5.15.
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Figure 5.15 The schematic of the MRSTF damper

This damper has a double-ended structure with a long piston rod through both ends
of the tube. There are two MRSTF reservoirs where the MRSTF is stored. A bypass
was used to let MRSTF flow through when the piston head is moving inside the tube.
The coil is used to generate the magnetic field and the effective area can be seen in
the next two figures.

Figure 5.16 3D modeling of the MRSTF damper
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Figure 5.17 Section views of 3D modeling of the MRSTF damper

3D modeling shows how the piston moves inside the tube, as well as the magnetic
circle, the applied magnetic field, and the bypass where the MRSTF flows. The
components inside the magnetic circle are stainless steel which makes the gap of this
circle have the strongest magnetic field.

5.3.2

Coil performance

Since this damper has been used before, the coil must to be tested to ensure it can
generate the magnetic field strong enough for these experiments. The next figure
shows the relationship between the current and the magnetic flux intensity.
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Figure 5.18 Magnetic flux density versus applied current

The squares and solid line in Figure 5.16 are the measured data and the fitting curve
for the data, respectively. 300 mT magnetic flux density was enough in this test, so
this coil can still be used, and the maximum current used in this experiment was set
at 1.5 A.

5.3.3

Experimental devices

The MRSTF (80 wt. % carbonyl iron) was filled into this prototype damper, which
was then clamped in an MTS Landmark test system (Load Frame Model: 370.02,
MTS Systems Corporation), between two coaxially mounted Linear-variable
Displacement Transducer (LVDT) load cells (LVDT Part Number 39-075-102, MTS
Systems Corporation).

The MTS Landmark operates by a servo hydraulic system capable of exerting large
axial loads onto the test specimen. The damper test system provides harmonic
excitation to the damper and records signals taken through the load cells.
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The signals were saved to a computer via a data acquisition (DAQ) board measuring
various feedback data series, namely time, axial displacement, and axial force.

During the experiments, a DC power supply was used to generate current to the coil.
Two wires were used to connect the DC power supply and the coil in the damper.
The next figure shows the damper clamped with the MTS test system.

Figure 5.19 The test of MRSTF damper

5.3.4

EXPERIMENTAL RESULTS

The experiments were performed by various magnetic fields from 0 A to 1.5 A in
increments of 0.5 A. The frequency applied to the damper ranged from 0.2, 0.5, 1.0,
1.5, and 2.0 Hz. The following figures show the curves of axial force versus
displacement and velocity of this MRSTF filled damper under different currents.
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Figure 5.20 Axial force versus displacement of MRSTF damper under different
currents

Figure 5.21 Axial force versus velocity of MRSTF damper under different
currents
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Figures 5.18 and 5.19 show that the damping force was sensitive to the magnetic
field such that the damping force increased dramatically as the magnetic field
increased. This means that this MRSTF filled damper had an obvious MR effect
which came from the carbonyl iron particles dispersed in MRSTF.

The following figures show the curves of axial force versus displacement and
velocity of this MRSTF filled damper under different frequencies.

Figure 5.22 Axial force versus displacement of MRSTF damper under different
frequencies
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Figure 5.23 Axial force versus velocity of MRSTF damper under different
frequencies
From the two figures we can see that the peak force was sensitive to different
excitation frequency, so that an increase in the excitation frequency increased the
peak force significantly.

5.3.5

COMPARISON AND ANALYSIS

To compare the MRSTF filled damper with the damper filled with other materials,
the dampers with pure MRF and pure STF were also tested and compared in this
section.

5.3.5.1 Comparison with MRF damper

Commercial MRF (type 132-AD, LORD Pty. Ltd) was placed inside this damper
which was also tested by the MTS test system. Since the MRF does not depend on
frequency very much (Claracq et al., 2004), the MRF damper mainly behaved with
an MR effect, so the MRF damper was only tested under various currents, and the
results are shown in the next two figures.
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Figure 5.24 Axial force versus displacement of MRF damper under different
frequency

Figure 5.25 Axial force versus velocity of MRF damper under different
frequency
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Here the MRF filled damper showed a clear MR effect because its damping force
was sensitive to a magnetic field, such that as the applied current increased, the
damping force increased dramatically. This agreed with the other MRF dampers
(Yang et al., 2002; Zhu et al., 2012).

5.3.5.2 Comparison with STF damper

The STF used in the damper was MRSTF_0, which was made of fumed silica (type
S5505, Sigma-Aldrich Pty. LTD) and ethylene glycol at 25% weight fraction. Since
there were no magnetic particles in MRSTF_0, a current was not applied to the
damper. The test with MTS test system was only conducted by frequencies from 0.2
Hz to 2 Hz. The result is shown in the next figure.

Figure 5.26 Axial force versus displacement of STF damper under different
frequency

Figure 5.26 shows that the frequency played an important role in the performance of
the STF filled damper. The shape of the displacement damping force loop was
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strongly dependent on the loading frequency, for instance, the peak damping force
showed an increasing trend with frequency. Moreover, the loop was almost a perfect
ellipse, which implied that the STF damper shows linear viscoelastic behaviour,
which was different from conventional ER and MR damper performances

Within 2 Hz, which is in the low frequency range, the STF showed a Newtonian fluid
character. The area of the hysteretic loop denoted the energy dissipation capability,
and the slope of the main-axis loop is the stiffness of the spring. As the excitation
frequency increased, the slope of the low velocity hysteresis loop also increased.

The equivalent stiffness of this damper increased from 0 to 274 kN/m when the
frequency increased from 0.2 HZ to 2 HZ. Also, this increase in frequency also lead
to an increase in the positive peak force from 90 N to 1200 N, while the negative
peak force increased from 297 N to 1935 N. This was the main difference between
the STF damper and MRSTF damper.

5.4

CONCLUSION

In this chapter, MRF was combined with STF to create a new class of smart
materials known as MRSTFs. Their rheology was measured under a magnetic sweep
test, a steady state test, a dynamic oscillation test, and small and large amplitude
oscillatory shear tests. MRSTFs had an MR effect and a shear thickening effect.

The MRSTFs were placed inside a previously used MRF damper which was then
tested by the MTS test system. A comparison of the MRSTF filled damper with the
dampers filled with MRF or STF showed that the MRSTF damper had both unique
properties coming from MRF and STF, respectively.

141

CHANPTER 6 SHEAR STIFFENED ELASTOMER

CHAPTER 6
SHEAR STIFFENED ELASTOMER

6.1

INTRODUCTION

In this chapter a novel shear stiffened elastomer (SSE) fabricated with a mixture of
silicone rubber and silicone oil will be presented. In this study four SSE samples
were fabricated and their mechanical and rheological properties under steady-state
and dynamic loading conditions were tested with a parallel-plate rheometer, and the
effects of the composition of silicone oil, the strain amplitude, and angular frequency
will be summarised. When the angular frequency was raised in the dynamic shear
test, the storage modulus of conventional silicone rubber increased slightly along
with the frequency, but when silicone oil was mixed with silicone rubber, the storage
modulus increased dramatically when the frequency and strain amplitude were
beyond the critical values.

The outline of this chapter is materials, SSE fabrication, microstructure observation,
rheological measurements, and conclusion.

6.2

MATERIALS FABRICATION

6.2.1

Materials

The materials used in this study were silicone rubber, type clear silicone sealant
(Selleys Pty. LTD) and silicone oil, type 378364 (Sigma-Aldrich Pty. LTD).

6.2.2

Fabrication of SSE

Silicone oil was mixed with silicone rubber in a beaker at room temperature, stirred
for 2 hours with a magnetic stirrer and then placed inside a vacuum chamber for 2
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hours to eliminate the bubbles. The final mixture was placed between two sheets of
plastic and pressed together to become membranes. Some small, 1mm thick cylinders
were used to ensure the samples were 1 mm thick. The mixture was cured at room
temperature for 2 days and then cut by a punch to disks with 20mm diameter. Figure
6.1 shows the cured sample with 33.3% silicone oil before 20mm disks were
punched out. Here the sample is flexible, and clear enough to see text through the flat
part while the other part was bent.

Figure 6.1 Photograph of the cured sample with 33.3% silicone oil.
Four isotropic samples were fabricated whose compositions are shown in Table 6.1.

Table 6.1 Compositions of all SSE samples
Silicone rubber
(g)

Silicone
oil(g)

Weight fraction of silicone oil
(wt.%)

Sample 1

10

5

33%

Sample 2

10

10

50%

Sample 3

10

15

60%

Sample 4

10

20

66.6%
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6.3

MICROSTRUCTURE OBSERVATION

LV-SEM (JSM 6490LV SEM) was used to observe the microstructure of SSEs.
Figure 6.2 shows the surface imaging for all their microstructures.
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Figure 6.2 Microstructures of SSEs: (a) silicone oil 33.3 %; (b) silicone oil 50 %;
(c) silicone oil 60 %; (d) silicone oil wt 66.6%
145

CHANPTER 6 SHEAR STIFFENED ELASTOMER

Figures 6.2 show that the silicone rubber formed clusters that were randomly
distributed in the samples. The sample with the lowest percentage of silicone oil had
more but shorter clusters than those with higher percentages of silicone oil. For
instance, the clusters in the sample with 33.3% of silicone oil were around 20 um
long compared with 300um long in sample with 66.6%. The crosslinking of silicone
rubber formed a net-like structure which enhanced interaction within the mixture of
silicone oil and silicone rubber.

6.4

RHEOLOGICAL MEASUREMENT AND RESULT

The shear-strain dependent rheology of the SSEs was measured by a parallel-plate
rheometer (MCR 301, Anton Paar Companies, Germany). A temperature control
device (Viscotherm VT2, Anton Paar Companies, Germany) was used to control the
measuring temperature at 25°C. Steady-state shear strain sweeps, dynamic strain
amplitude sweeps and dynamic frequency sweeps were carried out using the PP-20
measuring geometry (20 mm diameter) with a gap of 1 mm. The testing procedure
for each measurement is shown below. The sample was first sheared at a constant
initial shear rate of 1 rad/s for half a minute to preload the shear condition, and then
steady shear and dynamic oscillatory shear modes were used to measure rheological
properties of the samples.

6.4.1

Steady state

Under rotary shear the shear stress and strain relationship of the samples were
measured and are shown in Figure 6.3. The shear strain range was set from 0.0001 to
500%.
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Figure 6.3 Strain-stress curves of all SSE samples

Figure 6.3 shows that the shear stress of each curve has a linear relationship with the
shear strain when the strain is within a range. This means that SSE behaves with
linear viscoelastic properties when the strain is below a certain limit. Table 6.2
summarises the linear ranges of all the samples. Also, when the strain was above the
limit, the shear stress reached saturation (yield stress) and then either decreased or
remained steady. This might be due to the sliding effect (Cottrell & Bilby, 1949; Li
et al., 2010). Additionally, other factors such as the sample surface roughness and
normal force could contribute to the resultant stress because they certainly influenced
the static friction between the SSE sample and the upper plate, which consequently
resulted in overshoots, as shown in Figure 6.3. Moreover, the sample with a higher
concentration of silicone oil had a higher yield stress value, which means this sample
can stand higher yield stresses.
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Table 6.2 Linear range of all samples
Samples

33.3 wt.%

50 wt.%

60 wt.%

66.6 wt.%

silicone oil

silicone oil

silicone oil

silicone oil

25 %

50 %

86 %

254 %

Linear range

The slope of the strain-stress curve σ/γ represents the shear modulus of the elastomer.
From Figure 6.3 we can calculate that the shear moduli of these four samples were
29.4 kPa, 15.6 kPa, 11.5 kPa and 7.6 kPa, respectively. Obviously, the higher the
content of silicone oil, the smaller the shear modulus, which is obvious because
silicone oil tended to make the SSEs softer.

6.4.2

Dynamic tests result

In order to obtain the dynamic mechanical behaviour of SSEs, strain amplitude
sweep tests and angular frequency sweep tests were used.

Strain amplitude sweep

In the strain amplitude sweep test, the frequency is set at a constant of 1 rad/s while
the strain amplitude was swept from 0.1% to 100%. Figure 6.4 shows the strain
amplitude dependency of the storage modulus. In this figure, the sample with the
lower percentage of silicone oil had a larger storage modulus than the sample with
more silicone oil. For each sample, the storage modulus, like MR fluids (Li et al.,
2004), reached a plateau at a small strain amplitude range, which indicated a linear
viscoelastic region, above which the storage modulus showed a decreasing trend with
the strain amplitude. Additionally, the linear viscoelastic regions of these four
samples that were measured from the dynamic testing were similar to those obtained
through the steady-state results, as shown in Table 6.2.
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Figure 6.4 Storage Modulus versus strain amplitude sweep of all samples

Angular frequency sweep

In this test the strain amplitude was set from 1% to higher values until 50% strain
amplitude or the limitation of linear range for each SSE sample was reached.
According to the experimental equipment, the angular frequency was varied from
0.01 to 628 rad/s at 25°C. Figure 6.5a shows the storage modulus of the sample with
33.3 % silicone oil versus angular frequency at different strain amplitudes.
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Figure 6.5 Storage Modulus versus angular frequency sweep: (a) silicone oil 33.3
wt. % sample at different strain amplitudes; (b) comparison of all samples at 10%
strain amplitude
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Figure 6.5a shows that the SSE’s storage modulus had a slightly increasing trend
with the angular frequency at a small frequency range, but when the frequency was
above a critical value the storage modulus increased abruptly, which means the
material showed a shear stiffening effect. It was noted that this phenomenon was
similar to shear thickening fluid (STF), where the viscosity increased dramatically
when the shear rate was above a critical value. The other three SSE samples also had
the same trend.

The comparison of the storage modulus at 10% strain amplitude for all the samples is
shown in Figure 6.5b, and indicate that the sample with the highest concentration of
silicone oil had a lower zero-field modulus but this increased the most when the
angular frequency was over 100 rad/s.

6.4.3

Discussion and analysis

The damping factor (also called as loss factor) tan(𝛿) was calculated by the loss
modulus/storage modulus 𝐺"/𝐺′ which defines the ratio of the viscous and elastic
portion of the viscoelastic deformation behaviour (Mezger, 2006). Some data for
damping factor are shown in Figures 6.6.
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Figure 6.6 Damping factor versus angular frequency sweep of four SSE samples:
(a) silicone oil 33.3 %; (b) silicone oil 50 wt. %; (c) silicone oil 60 %; (d) silicone
oil 66.6 wt. %
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Figure 6.6 shows that the samples with lowest and highest concentrations of silicone
oil were selected to show the damping factor curves at different strain amplitudes. At
low strain amplitudes, the damping factor increased as the angular frequency
increased, until it reached 100 rad/s and then began to oscillate and drop. Higher
strain amplitude leads to higher damping factor curves, but when the strain amplitude
was over a critical value, the value of damping factor can also be over 1 which means
the loss modulus was higher than the storage modulus, and then the damping factor
decreased to less than 1 when the storage modulus was over the loss modulus. The
sample with 33.3% silicone was used as an example and is shown in Figure 6.7.
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Figure 6.7 Storage and loss moduli versus angular frequency: (a) 33.3% silicone
oil sample at 50% strain amplitude; (b) 33.3% silicone oil sample at 30% strain
amplitude

Figure 6.7a shows that the storage modulus and loss modulus crossed over each other,
such that before the first crossing point, the storage modulus dominated so the
sample shows a solid state, but after crossing the loss modulus began to prevail over
the storage modulus and a liquid state shows up until the second crossing point,
above which the storage modulus will be in charge again to let the sample perform as
a solid. This phenomenon was observed in all SSE samples when a critical shear
strain amplitude was reached. Table 6.3 summarises the critical strain amplitude at
which there are crossing points between storage and loss modulus for all the SSE
samples.
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Table 6.3 Critical strain amplitudes of all samples
Samples
Critical strain
amplitude

33.3 wt.%

50 wt.%

60 wt.%

66.6 wt.%

silicone oil

silicone oil

silicone oil

silicone oil

50 %

50 %

70 %

150 %

From Table 6.3 we can see that the sample with the higher weight fraction of silicone
oil had a bigger value of critical shear strain amplitude. Compared to the linear range
in Table 6.2, except for the sample with 33.3% silicone oil, the critical shear strain
amplitudes of the other three samples are all within their linear range, respectively.
This means that for higher silicone oil concentrated SSE, the shear stiffen effect
observed here was clearly credible.

Figure 6.7b shows the storage and loss modulus curves of the sample with 33.3%
silicone oil at 30% strain amplitude. There was no crossover between the storage and
loss moduli, but at 0.1 rad/s to 1 rad/s, the gap between the loss modulus and storage
modulus was smaller than the other range, where can be said to be the closest to a
liquid state.

For all the data curves, whether there was a crossover of the storage and loss
modulus or not, the highest values for the loss modulus always appeared from 0.1
rad/s to 1 rad/s angular frequency, where the SSE was either in a liquid state or close
to liquid. The angular frequency of 0.4 rad/s is a middle value in this range which
can be used as the separation. Before 0.4 rad/s, the SSE went from solid to liquid, but
after separation, the SSE went from a liquid state to a solid state. The storage
modulus at 1 rad/s G’0 and 628 rad/s G’f are the values at two relative ends of the
measurement range. We defined their ratio G’f /G’0 to be the relative shear stiffen
factor (SSF), which is shown in Table 6.4. From Table 6.4, we can see that the
sample with more silicone oil had a relatively larger SSF. The closer SSE was to the
critical strain amplitude, the larger its SSF.
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Table 6.4 Relative shear stiffen factors of all samples at different strain
amplitude
Strain

33.3 wt.%

50 wt.%

60 wt.%

66.6 wt.%

amplitude

silicone oil

silicone oil

silicone oil

silicone oil

1%

2.13

2.80

2.97

3.48

5%

2.26

2.88

3.15

3.65

10%

2.92

3.41

3.27

4.01

30%

3.94

5.41

3.87

4.75

50%

7.77

5.99

4.67

5.61

6.64

5.99

7.42

8.53

9.21

70%
100%

6.5

150%

16.17

200%

20.86

250%

23.08

300%

23.50

Conclusion

Four SSE sample with 33.3%-66.6% silicone oil weight fractions were fabricated in
this study. LV-SEM was used to observe their microstructures. This observation
showed that the rubber clusters dispersed randomly in SSEs and the sample with
more silicone oil had longer clusters of silicone rubber,

Steady state and dynamic tests, including strain amplitude sweep and angular
frequency sweep were used to test the rheology of SSEs. These rheological tests
revealed that the sample with the higher concentration of silicone oil had a longer
linear range and a lower shear modulus. In the dynamic frequency sweep tests, when
the applied strain amplitude was above a critical value, the solid to liquid transition
and liquid to solid transition could be seen in the SSE sample with the increasing
angular frequency, which was the shear stiffening. The test result also showed that
the sample with 66.6% silicone oil had the biggest relative shear stiffening factors.
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CHAPTER 7
CONCLUSION AND FUTURE WORK

7.1

SUMMARY

The main contributions of this project can be divided into four parts: 1) STF
fabrication and its temperature effect, 2) application of STF with electrolyte, 3)
fabrication of shear stiffened elastomers, and 4) investigation of MRSTF and its
application.

7.1.1

Temperature effect of shear thickening fluid

The shear thickening fluids made from ethylene glycol and fumed silica were
fabricated and measured by a parallel plate rheometer. The temperature effect of this
STF was also measured and the results showed that at higher temperatures the STFs
had lower viscosities, bigger critical shear rates, and lower shear thickening effects.
A numerical function was proposed to express the relationship between temperature,
the concentration of fumed silica, and viscosity. A comparison between the function
and experimental data showed that this function can calculate the viscosity of an STF
at a certain concentration and under a certain temperature very well.

7.1.2

Shear thickening electrolyte

By adding fumed silica particles to commercial electrolyte, a shear thickening
electrolyte was obtained. Its rheological properties were measured by a rheometer
and the electrolytes with high concentrations of fumed silica showed a shear
thickening effect, whereas those with low concentrations of fumed silica showed no
shear thickening. It was found that the fumed silica also enhanced the electrolyte’s
ionic conductivity. An impact experiment was conducted to test the tolerant energy
of the batteries with bare electrolyte and shear thickening electrolyte. The results
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showed that batteries with a shear thickening electrolyte can offer extra mechanical
protection compared to those with bare electrolyte or shear thinning electrolyte.

7.1.3

MRSTF and its application

MRFs and STFs were combined to form MRSTFs. By the rheological measurements,
the MRSTFs showed both MR effect and shear thickening. MRSTFs, MRFs and
STFs were also filled into the same damper, respectively. The damper with MRF
only showed an MR effect and the damper with STF only showed frequency
dependency, whereas the MRSTF filled damper showed both unique properties
coming from the MRF and STF.

7.1.4

Shear stiffened elastomer

Shear stiffened elastomer samples with 33.3%-66.6% silicone oil weight fractions
were fabricated and observed by SEM. It was found that the rubber clusters disperse
randomly in SSEs and the sample with more silicone had longer silicone rubber
clusters. Rheology tests were carried out on SSEs by steady state and dynamic tests,
and showed that the sample with higher concentration of silicone oil had a longer
linear range and a lower shear modulus. In the dynamic frequency sweep tests, when
the shear strain amplitude was above a critical value, the SSE sample changed from a
solid to liquid transition and then a liquid to solid transition, as the result of shear
stiffening.

7.2

FUTURE WORK

Future work for this project is divided into three main parts:
1) The STF based dual- or multi-functional smart materials such as MRSTFs
and shear thickening electrolytes will be further investigated, and applications
using MRSTF will be developed and tested. The shear thickening electrolyte
will also be studied further, and we will apply the fumed silica particles with
other commercial electrolytes such as ionic liquid, etc.
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2) The MRSTF filled damper will be tested systematically under various
measurement conditions. The dampers filled with MRF and STF will also be
tested under the same conditions and compared with the damper filled with
MRSTF. The four-parameter phenomenological model will also be applied to
express the damper’s behaviour within the linear range.

3) A further study of shear stiffened elastomers will be conducted, including
optimising the selection and concentration of ingredients. Further modelling
work on shear stiffened elastomers will be also performed. The application of
shear stiffened elastomer in smart structures will be investigated, particularly
where higher stiffness is needed under high frequencies.
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